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Improved Fermentative Carotenoid Production 

Background of the Invention 

Over 600 different carotenoids have been described from carotenogenic 
organisms found among bacteria, yeast, fungi and plants. Currently only two of 
ttieirwp<arotene and astaxantiiin are commercially produced in microor^nisms 
alid.used in the food and feed industry, p-carotene is obtained from algae and 
astaxanthin is produced in Pfaffia strains which have been gen^ratedty classical 
mutation. However, fermentation in Pfaffia has the disadvantage of long 
fermentation cycles and recovery from algae is cumbersome. Hierefore it is 
desirable to develop production systems which have better industrial applicability; 
e.g. can be manipulated for increased titers and/ or reduced fermentation times. 

Two such systems using the biosjmthetic genes form Erwinia herbicola and 
Erwinia uredovora have afready been described in WO 91/13078 and EP 393 690, 
respectively. Furaiermore, three P-carotene ketolase geiies (P-carotene P-4r 
oxygenase) of the marine bacteria Agrobacterium aurantiacum and Alcatigenes 
strain PC-1 (crtW) [Misawa, 1995, Biochem. Biophys. Res. Com. 202, 867r 
876][Misawa, 1995, J. Bacteriology 17Z, 6575-6584] and from the green algae 
Haematococcus pluvidis (dkt) [Lotan, 1995, FEBS Letters 364, 125-128][ Kajiwara, 
1995, Plant Mol. Biol. 29, 343-352] have been cloned. E. coli carrying either the 
carotenogenic genes (crtE,crtB, crtY and crti) of E. herbicola [Hundle, 1994, MGG 
245, 406-416] or of £. uredovora and complemented with the crtW gene of A. 
aurantiacum [Misawa, 1995] or the bkt gene of H. pluvialis [Lotan, 1995] [Kajiwara, 
1995] resulted in the accumiulation of Canthaxanthin (p,p-carotene-4,4'-dione), 
originating from the conversion of p-carotene, via the intermediate echinenone 
(P,P-caK)tene-4-one). 

Infroduction of the above maitioned genes (crtW or bkt) into E. coZi cells 
harbouring besides the carotenoid biosynthesis genes mentioned above also the 
crtZ gene of E. uredovora [Kajiwara, 1995] [Misawa, 1995], resulted in both cases in 
the accumulation of astaxanthin (3,3'-dihydroxy-p,p<arotene-4,4'-dione). The 



results obtained with the bkt gene, are in contrast to the observation made by 
others [Lotan, 1995], who using the same experimental set-up, but introducing the 
H. pluvialis bkt gene in a zeaxanthin (p,(i-carotene-3,3'-diol) synthesising E. coli 
host harbouring the carotenoid biosynthesis genes of E. herbicola, a dose relative 
5 of the above mentioned E. uredovora strain, did not observe astaxanthin 
production. 

Summarv of the Invention 

Novel proteins of microorganism E-396 (PERM BP-4283) and the DNA 
sequences which encode these proteins have been discovered which provide an • 
10 unproved biosynthetic pathway from farnesyl pyrophosphate and isopentyl 
pyrophosphate to various carotenbids, especiaUy zeaxanthin, astaxanthin, 
adoruxanthin and canihaxanthin. 

Brief Description of the Figures 

Fig.l: The biosynthesis pathway for the formation or carotenoids of 
15 FZflTO6flcferi«w sp.R1534 is illustrated explaining the enzyinatic 

activities which are encoded by DNA sequences of the present 

invention. 

Fig. 2: Southern blot of genomic FZawbacteriMm sp.R1534 DNA digested 
with the restriction enzymes shown on top of each lane and 
20 hybridized wiA Probe 46F. The arrow indicated the isolated Z4kb 

Xhol/PstI fragment. 
Fig, 3: Southern blot of genomic F/flz;c»l;flcferi«m sp.R1534 DNA digested 

with Qal or double digested with Qal and Hindlll. Blots shown in 
Panel A and B were hybridized to probe A or probe B, respectively (see 
25 examples). Both Oal/HindlH fragments of 1,8 kb and 9.2 kb are 

indicated. 

Fig. 4: Southern blot of genomic Flaoobac^um sp. R1534 DNA digested 
with the restriction enzymes shown on top of each lane and 

hybridized to probe C. The isolated 2.8 kb Sall/HindlH fragment is 

30 shown by the arrow. 

Fig. 5: Southern blot of genomic Flavobactmum sp. R1534 DNA digested 
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with the restriction enzymes shown on top of each lane and 
hybridized to probe D. The isolated BclI/SphI fragpient of approx. 3 kb 
-. is shown by the arrow. 

Fig; 6: pKysicalmapof the orgaiuzation of the carotenoid biosynthesis cluster 
5 in FIavQbactetivun8p.R1534, deduced from the genoinic clones 

obtained. The location of the probes used for the screening are shown 
as bars on the respective clones. 

Fig. 7: Nucleotide sequence of the Flaoobacterium sp. R1534 carotenoid 
biosynA^is duster and itS; flanking regions (SEQ ID NO: 1^ 
10 nucleotide sequence is nuinbered from the first nucleotide shown (see 

BamHI site of Fig. 6). The deduced aiivino acid sequence of the ORF's 
(orf-5, orf-l, crtE, crtB, crti, crtY, crtZ and orf-16) are shown wida the 
single-letter amino acid code. Arrow (->) indicate the direction of the 
transcription; asterisks, stop codons. 

15 Fig. 8: Protein sequence of die GGFP synthase (crtE) of FteTObocferium sp. 
R1534 (SEQ ID NO: 2) with a MW of 31331 Da. 

Fig. 9: Protein sequence of the prephytpene synthetase (crtB) of 

Flavobacterium sp. R1534 (SEQ ID NO: 3) with a MW of 32615 Da. 

Fig. 10: Protein sequence of the phytoenedesaturase(crtI) of Fiow&flctenMm 
20 sp.R1534(SEQIDNO:4)withaMWof54411Da. 

Fig. 11: Protein sequence of the lycopene cyclase (crtY) of Ftoobacten«m sp. 
R1534 (SEQ ID NO. 5) with a MW of 42368 Da. 

Fig. 12: lutein sequence of the p-carotene hydroxylase (crtZ) of 

Flaoobacterium sp. R1534 (SEQ ID NO: 6) with a MW of 19282 Da. 

25 Fig. 13: Recombmant plasmids containing deletions of the Flavobacterium sp. 
R1534 carotenoid biosynthesis gene cluster. 

Fig. 14: . Primers used for PGR reactions (SEQ ID NOs: 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, and 18). The underlined sequence is the recognition site of 
the indicated restriction eiuzyme. Small caps indicate nucleotides 
30 introduced by mutagenesis. Boxes show the artificial RBS which is 

recognized in B. subtilis. Small caps in bold show the location of the 
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original adenine abating the trkislation start site (ATG) of t^^ 
Mowing gene (see origirud operon). All the ATG's of the original 
Havobacter carotenoid Wosyntiietic genes had to be destroyed to not 
interfere with the retMd transcription start site. Arrows indicate 
5 start and ends of the indicated Flavobacterium R1534 VVT carotenoid 

genes. 

Fig. 15: Linkers tised for the different constructions (SEQ ID NOs: 19, 20, 21, 22, 
23, 24, 25, and 26). The mderlined sequence is the recognition site of . 
the indicated restriction enzyme. Small caps indicate nucleotides 
10 introduced by synthetic primers. Boxes show the artificial RBS which is 

recognized in B. subtilis. Airow indicate start and ends of the indicated 
Havobacteritirai carotenoid genes. 

Fig. 16: Gostruction of plasmids pBnKS(+)-clone59-2, pLyco and pZea4. 

Fig. 17: Constructibnof plasinidp602CAR. 

15 Fig. 18: p)nstfuctionofplasipidspBIIKS(+)<:ARVEG-Eandp602GA^ 

Fig. 19: Construction of plasmids pHP13-2CARZYIB-6NV and pHP13- 
2PN25ZYIB-EINV. 

Fig. 20: ComtructionafplasInidpXI12-ZYIB-EI^^VMlJTRBS2C. 

Fig. 21: Northern blot analysis of B. subtilis strain BS1012::ZYIB-EINV4 Panel 
20 A: Schematic representation of a redprocaiintegrat^^^ 

pXI12-2YIB-EINV4 into the levannsuorase gene of B- subtilis. Pa^ 
Northern blot obtained with probe A (PGR fragment wHch was 
obtained with CAR 51 and GAR 76 and hybridizes to the 3' end of crtZ 
and the 5' end or crtY). Panel C: Northern blot obtained with probe B 
25 (BamHI-Xhol fragment isolated from plasmid pBIIKS(+)-crtE/2 and 

hybridizing to the 5' part of the crtE gene), 

Fig. 22: Schematic representation of the integration sites of three tiansformed 
Bacillus subtilis strains: BS1012::SFGO, BS1012:SFGOGAT1 and 
BA1012::SFGONEOl. Amplification of the synthetic Flavobacterium 
30 carotenoid 6peron (SFGO) can only be obtained in tiaose strains having 

amplifiable structures. Probe A was used to determine tiie copy 
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number of the integrated SFCO. Erythromycine resistance gene 
(erniAM), chloramphenicol resistance gene (cat), neomycine resistance 
gene (neo), terrninator of the cryTgene of B. subtilis (cryT), levan- 
sucrase gene (sac-B 5' and sac-B 3'), plasmid sequences of pXI12 (pXI12), 
5 promoter originating from site I of the veg promoter complex (Pvegl). 

Fig. 23: ConstnictionbfplasmidspXI12-2rifIB-mNV4^^ 
pXI12-ZYIB-EINV4MUTRBS2CCAT. 

Fig. 24: Complete nucleotide sequence of plasmid pZea4 (SEQ ID NO: 27). 

Fig. 25: Synthetic crtW gene of Alcaligenes PC-1 (SEQ ID NO: 28). The 
10 . translated protein sequence (SEQ ID NO: 29) is shown above the double 

stranded DNA sequence. The twelve oligonucleotides (crtWl-crtW12) 
used for the PGR synthesis are tmderUned. 

Fig. 26: Construction of plasmid pBIIKS-crtEBDfZW. The Hindm^ - 

fragment of p ALTER-Ex2-crtW, carrying the synthetic crtW gene, was 
15 doned into iiie Hindm and Mlul (blunt) sites. Pvegl and Ptac are the 

promoter used for the transcription of the two opera. The ColEl 
repUcation origin of this plasinid is compatible with the pl5 A origin 
present in the pALTER-Ex2 constructs. 

Fig. 27: Relevant inserts of all plasmids constmcted in Example 7. Disrupted 
20 genes are shown by / / . Restriction sites: S=SacI, X=Xbal, H=HindIIl 

N«Nsa, Hp=HpaI,Nd=NdeL 

Fig. 28: Reaction products (carotenoids) obtained from |J-carotene by the process of 
the present invention. 

Fig. 29: Isolation of liie eft clxister of tixe strain E- 396, Genomic DNA of E-396 was 
25 digested overnight with different combinations of restrictions enzjmies 

and separated by agarose gel electrophoresis before trarisf erring the 
restilting fragments by Southern blotting onto a nitrocellulose membrane. 
The blot was hybridised with a ^ labelled 334 bp fragment obtained by 
digesting the aforementioned PCR fragment J APcloneS with BssHII and 
30 . Mlul. An approx. 9,4kb EcoRI/BamHI fragment hybridizing to the probe 

was identified as the most appropiate for cloning since it is long enough 
to potentially carry the complete crt. duster. The fragment was isolated 
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and doned into the EcoRI and BflmHI sites of pBluescriptilKS resulting m 
plaanidpJAPCL544. 
Fig 30 Shows the sequence obtained containing the crtWE396 (froin nucleotide 
40 to 768) and crtZE396 (fro"^ nucleotide 765 to 1253) genes of tiie 
5 bacterium E-396(SEQ ID NO: 30). 

Fig/Sl: The nucleotide sequence of the crtWE396 ge^^e (SEQ ID NO: 31) 

Fig. 32: Hie amino add sequence encoded by the crtWE396 (SEQ ID NO: 32) gene 
shown in Fig. 31 

Fig33: The nucleotide sequence of the crtZE396 (SEQ ID NO: 33) gene 
10 Fig.34: llieaminoacidsequeru:e(SEQIDNO:34)encodedbythecrtZE396g«^e 
shown in Fig. 33 
Fig. 35: Diagram of plasmid pUC18-E396crtWZPCR 
Fig. 36: Construction of plasmid pBIIKS^IYIE3%WZ] 

Fig. 37: Construction of plasmid pBIIKS<rtEBIY[E396WlDZ wWd^ 
15 non-functional crtZ; gene 

Fie 38- 463 bp Pstl-BomHI fragment (SEQ ID Na 35) originating fromthe 3' end of 
the insert of pJAPCL544 (Fig. 29) highlighted a -1300 bp-long Pstl-Pstl 
fragment This fragment was isolated and doned into the Psfl site of 
pBSiIKS(+) resulting in plasmid pBSnKS^1296. The sequence of the insert 
20 is shown (small cap letters refer to new sequence obtained. Capital letters 

show the sequence also present in the 3' of the insert of plasmid 

PJAPCL544). 

Fig. 39: The DNA sequence of the complete a:tEE396 gene (SEQ ID NO: 36) 

Fig. 40: The amino acid sequence encoded by the crtEE396 gene (SEQ ID NO: 37) 
25 shown in Fig. 39 (SEQ ID NO: 36) 

Fig. 41: Constmction of plasmid carrying the complete crt cluster of E-3% 
(pE396CARcrtW-E) 

Fig. 42: Construction of plasmid pRSFlOlO-AmpT 



Fig. 43: Construction of plasmids RSFlOlO-Ampr-crtl and RSF1010-Ampr-crt2 

Detailed Description of the Invention 

Novel proteins of microorganism E-396 (PERM BP-4283) £uid the DNA 
sequences which encode these proteins have been discovered which provide an 
5 improved biosyntheticpatfiway from famesyl pyrophosphate and isopentyl 
pyrophosphate to various carotenoids, especially zeaxanthin, astaxanttiin, 
adpnixanthin and canthaxanthin. 

One aspect of the invention is a polynucleotide comprising a DNA sequence 
which encodes the GGPP synthase (crtEE396) (SEQ ID NO: 37) of microorganism 

10 E-396, said polyriudebtide being isubstantially free of oilier polynucleotides of 
microorganism E-396. Also encompassed by this aspect of the present invention is 
a polynucleotide comprising a DNA sequence which is substantially homologous 
to said DNA sequence. Said GGPP synthase catalyzes the condensation of famesyl 
pyrophosphate and isopentyl pyrophosphate to obtain geranylgeranyl 

15 pyrophosphate, a carotenoid precursor. The preferred GGPP synthase has the 
amino acid sequence of Figure 40 (SEQ ID NO: 37), and the preferred DNA 
sequence encodes said amino acid sequence. The especially preferred DNA 
sequence is shown in Figure 39 (SEQ ID NO: 36). 

This aspect of the present invention also indudes a vector comprising the 
20 aforesaid polynudeotide, preferably in the form of an expression vector. 

Fxirthermbre this aspect of the present invention also indudes a recombinant cell 
comprising a host cell which is transformed by the aforesaid polynucleotide or 
vector which contains such a polynucleotide. Preferably said host cell is a 
prokaryotic cell and more preferably said host cell is E. coli or a Bacillus strain. 
25 However, said host cell may also be a eukaryotic ceU, preferably a yeast cell or a 
fungal cell. 

Finally this aspect of the present invention also comprises a process for the 
preparation of geranylgeranyl pyrophosphate by culturing said recombinant cell of 
the invention containing famesyl pyrophosphate and isopentyl pyrophosphate in 
30 a culture medium under suitable culture conditions whereby said GGPP synthase 
is expressed by said ceU and catalyzes the condensation of famesyl pyrophosphate 
and isopentyl pyrophosphate to geranylgeranyl pyrophosphate, and isolating the 
geranylgeranyl pyrophosphate from such cells or the culture medium. 
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Another aspect of the present invention is a polynucleotide comprising a 
. DNA sequence which encodes said g<arotene hydroxylase of microorganism E- 
396 (crtZE396) (SEQ ID NO: 34), said polynucleotide being substantially ..ee of 
other polynucleotides of microorganism E-396. Also encompassed by this aspect of 
5 the present invention is a polynucleotide comprising a DNA sequence which is 
substantially homologous to said DNA sequence. Said fi^arotene hydroxylase 
catalyzes the hydroxylation of fi-carotene to produce the xanthophyU, zeaxanthm. 

The preferred fi^arotene hydroxylase has the amino acid sequence of Figure 34 
(SEQ ID NO- 34), and the preferred DNA sequence is one which encodes said 
10 amino acid sequence. Hie especially preferred DNA sequence is a DNA sequence 
comprising the sequence shown in Figure 33 (SEQ ID Na 33) . 

This aspect of the present invention also includes a vector comprising the 
aforesaid polynucleotide, preferably in the form of an expression vector. 
Furthermore this aspect of the present invention also includes a recombinant cell 
15 comprising a host cell which is transformed by the aforesaid polynucleotide or 

vector which contains such a DNA sequence. Preferably said host cell is a 
prokaryotic cell and more preferably said host ceU is E. coli or a Bacillus stram. 
. However,saidhostceUmayalsobeaeukaryoticcell,preferablyayeastceUora 

fungal cell. 

20 Finally this aspect of the present invention also comprises a process for the 

preparation of zeaxanthin by culturing said recombinant ceU of the invention 

containing fi^arotene in a culture medium under suitable culture conditions 
whereby said C^rarotene hydroxylase is expressed by said cell and cataly«s the 
hydroxylation of fi-carotene to produce the xanthophyll, zeaxanthin, and isolatmg 
25 the zeaxanthin from such cells or the culture medium, 

Anoflier aspect of the present invention is a polynucleotide comprising a 
DNA sequence which encodes said fi-carotene hydroxylase oif<^^S^^- 
396 (crtWE396) (SEQ ID NO: 32), said polynucleotide being substantially free of 
other polynucleotides of microorganism E-396. Also encompassed by this aspect of 

30 the present invention is a polynucleotide comprising a DNA sequence which is 
substantially homologous to said DNA sequence. Said fi^arotene 
catalyzes the hydroxylation of fi^arotene to produce 
further catalysis of echinenone by the enzyme encoded by crtWE396. to 
canthaxanthin. The preferred fi^arotene fi4.oxygena8e has the amino acid 

35 sequenceofFigiire32(SEQIDNO:32),andthepreferredDNAsequenceisone 
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which encodes said amino add sequence. The especiaUy preferred 

is a DNA sequence comprising the sequence shown in Figure 31 (SEQ ID NO: 31). 

This aspect of the present invention also includes a vector comprising the 
aforesaid polynucleotide, preferably in the form of an expression vector. 

5 Furthermore this aspect of the present invention also includes a recombmant cell 
comprising a host cell which is transformed by the aforesaid polynucleotide or 
vector which contains such a DNA sequence. Preferably said host cell is a 
prokaryotic cell and more preferably said host cell is E. coli or a Bacillus stram. 

• However, said host ceU may also be a eukaryotic cell, preferably a yeast cell or a 

iO fungal cell. 

Finally this aspect of the present invention also cbmprises a process for the 
preparation of canthaxanthin by culturing said recombinant ceU of the invention 
containingfi^aroteneinaculturemediumundersuitablecultureconditions 
. whereby said fi^tene fi^xygenase is expressed by said ceU and catalyzes the 

15 conversion of fi^otene to produce echinenone and through further catalysis to 
produce canthaxandun, and isolating the canthaxanthin from such cells or the 

culture medium. 

It is contemplated, and infact preferred, that the ^orementioned DNA 
sequences, crtEE396 . crtWE396 and crtZE396. which terms refer to the above- 

20 descn^edgenesofinicrOorganismE-396encompassedbytheinventionherem^ 
d2S?ed,^^orporated'especiallycnWE396 and crtZE396. with selected DNA 
sequences from Havobacterium sp. R1534 into a polynucleotide of the invention 
whereby two or more of said DNA sequences which encode enzymes catalyzmg 
contiguious steps in the process shown in Figures 1 and 28 are contained in said 

25 polynucleotide, said polynucleotide being substantially free of otha: ^ 
. polynucleotides of microorganism £-396 and Flavobacterium sp. R1534, to obtam 
advantageous production of the carotenoids canthaxanthin, zeaxanthin, 

astaxanthin and adomxanthin. 

Hius, one embodiment of the present invention is a process for the 
30 preparationof zeaxanthinwhichprocesscomprisesculturingarecombmaiitceU 
containing famesyl pyrophosphate and isopentyl pyrophosphate under culture 
conditions sufficient for the expression of enzymes wWch catalyze the conversion 
of the famesyl pyrophosphate and isopentyl pyrophosphate to zeaxanthin, said 
recombinantceUcomprisingahostcelltransformedbyanexpressionvector 
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c»mprising a regulatory sequence and a polynudeotide contair^ 
sequences which encode said enzymes, as follows: 

a) a DNA sequence which encodes the GGPP synthase of Flavobacterium sp. 
R1534 (crffi) (SEQ ID NO: 2) or a DNA sequence which is substantially homologous, 

5 b) a DNA sequence which encodes the prephytoene synthase of 

Havobacterium sp. R1534 (crtB) (SEQ ID NO: 3) or a DNA sequence which is 

substantially homologous, 

c) a DNA sequence which encodes the phytoaie desaturase of 
Flavobacterium sp. R1534 (crti) (SEQ ro NO: 4) or a DNA sequence Whii^ 

10 substantially homologous, 

d) a DNA sequence which encodes the lycopene cyclase of Flavobacterium sp. 
R1534 (crtY) (SEQ ID NO: 5) or a DNA sequence which is substantially homologous, 

e) a DNA sequence which encodes the fi-carotene hydroxylase of 
microorganism E^96 (crtZE396) (SEQTD NO: 34) or a DNA sequence which is 

15 substantially homolbgoiK; 

and isolating the zeaxanthin from such cells or the culture medium 

The aboverdescribed polynucleotide encodes enzymes which catalyze the 
conversion of famesyl pyrophosphate and isopentyl pyrophosphate to zeaxanthin. 
It is preferred that this embodiment of the invention utilize a polynucleotide 

20 containing criE,crtB,crtI, CrtY, and crtZE396- 

It is especially preferred that for this embodiment of the mvention: 

a) the GGPP synttiase has the amino acid sequence of Figure 8 (SEQ ID NO: 2), 

b) the prephytoene synthase has the amino acid sequence of Figure 9 (SEQ ID 
NO: 3), 

25 c) the phytoene desaturase has the amino acid sequence of Figure 10 (SEQ ID 
NO: 4), 

d) the lycopene cyclase has the amino acid sequence of Figure 11 (SEQ ID NO: 
5), aiid 

e) the fi-carotene hydroxylase has the amino acid sequence of Figure 34. 

30 It is most preferred that for this embodiment of the invention: 
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a) the DNA sequence encoding the GGPP synthase comprises bases 2521-3408 

. of Figure 7 (SEQ ID NO: 1), 

b) the DNA sequence encoding the prephytoene synthase comprises bases 
4316-3405 of Figure 7 (SEQ ID NO: 1), 

5 c) the DNA sequence encoding the phytoene desaturase comprises bases 4313- 
5797 of Figure 7 (SEQ ID NO: 1), 

d) the DNA sequence encoding the lycopene cyclase comprises bases 5794-6942 
of Figure 7 (SEQ ID NO: 1), and 

e) the DNA sequence encoding the fi-carotene hydroxylase comprises the 
10 sequence of Figure 33 (SEQ ID NO: 33). 

A second embodiment of the invention is a process for the preparation of 
canthaxanthin which process comprises culturing a recombinant cell containing 
famesyl pyrophosphate and isopentyl pyrophosphate under culture conditions 
sufficient for the expression of enzymes which catalyze the conversion of the 
15 famesyl pyrophosphate and isopentyl pyrophosphate to canthaxanthin, said 
recombinant ceU comprising a host cell transformed by an expression vector 
comprising a regulatory sequence and a polynucleotide containing DNA 
sequences which encode said enzymes, as follows: 

a) a DNA sequence which encodes the GGPP synthase of Flavobacterium sp. 
20 R1534 (crfE) (SEQ ID NO: 2) or a DNA sequence which is substantially homologous, 

b) a DNA sequence which encodes the prephytoene synthase of 
FUvobacterium sp; R1534 (crtB) (SEQ ID NO: 3) or a DN A sequence which is 

- substantially homologous, 

c) a DNA sequence which encodes the phytoene desaturase of 

25 Flavobacterium sp. R1534 (crtl) (SEQ ID NO: 4) or a DNA sequence which is 
substantially homologous, 

d) a DNA sequence which encodes the lycopene cyclase of Havobacterium sp. 
R1534 (cri:Y) (SEQ ID NO: 5) or a DNA sequence which is substantially homologous, 
and 

30 e) a DNA sequence which encodes the fi-carotene fi4-oxygenase of 

microorganism E-396 (crtWE396) (SEQ ID NO: 32) or a DNA sequence which is 

substantially homologous; 
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and isolating the canthaxanthin from sucK 

The above-described polynucieotide encodes enzymes which catalyze the 
conversion of famesyl pyrophosphate and isopentyl pyrophosphate to 

candiaxanthin. It is preferred that this embodiment of the invention utilize a 
5 polynudeotide containing crtE,artB,crtI,crtY, and crtWE396. 

It is espedally preferred that for this embodiment of the invention: 

a) the GCPP synthase has the amino add sequence of Figure 8 (SEQ ID NO: 2), 

b) ttie prephytoene synthase has the amino add sequence of Figure 9 (SEQ ID 
NO: 3), 

10 c) the phytoene d^aturase has the amino add sequence of Figure 10 (SEQ ID 

NO: 4), 

d) the lycopenecydase has the amino acid sequence of Figure 11 (SEQ ID NO: 
5), and 

e) me fi<arotene fi4-oxyg«iase has the amino acid sequence of Figure 32 (SEQ 
15 IDNO:32). 

For this embodiment of the invention, it is most preferred that: 

a) the DNA sequence encoding the GGPP synthase comprises bases 2521-3408 

of Figure 7 (SEQ ID NO: 1), 

b) the DNA sequence encoding the prephytoene synthase comprises bases 

20 4316-3405 of Figure 7 (SEQ ID NO: 1), 

c) the DNA sequence encoding the phytoene desaturase comprises bases 4313- 

5797 of Figure 7 (SEQ ID NO: 1), 

d) the DNA sequence encoding the lycopene cyclase comprises bases 5794-6942 

of Figure 7 (SEQ ID NO: 1), and 
25 e) the DNA sequence encoding the fiKraroteneM-oxygenase comprises the 

sequence of Figure 31. 

A third embodiment of the invention is a process for the preparation of 
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astaxanthin and adonixanthin wherein said process compm^ 
recombinant ceU containing famesyl pyrophosphate and isopentyl . . 
pyrophosphate under culture conditions sufficient for the expression of enzymes 
which catalyze the conversion of the famesyl pyrophosphate and isopentyl 
• 5 pyrophosphate to astaxanthin and adonixanthin, said recombinant cell 
comprising a host cell transformed by an expression vector comprising a 
regulatory sequence and a polynucleotide containing DMA sequences which 
encode said enzymes, as follows: 

a) a DN A sequence which encodies tiie GGPP synthase of Flavobacterium sp. 
10 R1534 (crtE) (SEQ ID NO: 2) or a DNA sequence which is substantially homologous, 

b) a DNA sequence which encodes the prephytoene synthase of 
Havobacterium sp. R1534 (crtB) (SEQ ID NO: 3) or a DNA sequence which is 
substantially homologous, 

c) a DNA sequence which encodes the phytoene desaturase of 

15 Havobacteriumsp.R1534(crtI)(SEQIDNO:4)oraDNAsequencewhichis 

substantially, homologous, 

d) a DNA sequence which encodes the lycopene cyclase of Havobacterium sp. 
R1534 (crtY) (SEQ ID NO: 5) or a DNA sequence which is substantially homologous, 

e) a DNA sequence which encodes the fi-carotene b4-oxygenase of 

20 Flavobacterium sp. R1534 (crtW) or a DNA sequence which is substantially 
homologous, and 

Q a DNA sequMice which encodes the fi-carotene hydroxylase of 
microorganism E-396 (crtZE396) or a DNA sequence which is substantially 

homologous; 

25 and isolating the astaxanthin and adonixanthin from such cells or the culture 
medium. 

The above-described polynucleotide encodes enzymes which catalyze the 
conversion of famesyl pyrophosphate and isopentyl pyrophosphate to astaxanthin 
and adonbcanthin. It is preferred that this embodiment of the invention utiUze a 
30 polynucleotide contaming crtE, crtB, crti, crtY, crtW, and crtZE396 (SEQ ID NO: 34). 

It is especially preferred that for this embodiment of the invention: 
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a) the GGPP syntiiase has the anuno acid sequwce of Figure 8 (SEQ ID NO: 

b) the prephytoene synthase has the ainino acid s^^^ 

ID NO: 3), , m^OTo 

5 c) the phytoenedesaturase has the amino add sequence of Figure 10 (SEQ 

IDNa4), in/cT3om 

d) the lycopene cydase has the aniino acid sequence of Figure 11 (SEQ ID 

NO* 5) 

e) the fi-carotene lMK>xygenase has the anuno acid sequence of Fi^^ 

10 (SEQ ID NO: 29), and ,-n- -xa 

f) the fi-carotene hydroxylase has the amino acid sequence of Figured . 

(SEQ ID NO: 34). 

It is most preferred that for this embodiment of the inv«^^^^ 

15 a) the DNA sequence encoding the GGPP synthase comprises bases 2521^ 

of Figure 7 (SEQ ID NO: 1), 

b) theDNAsequenceencodingtheprephytoenesynthasecomprisesbases 

4316-3405 of Figure 7 (SEQ ID NO: 1), 

c) the DNA sequence encoding the phytoene desaturase comprises bases 4313- 

20 5797 of Figure 7 (SEQ ID NO: 1), 

d) the DNA sequence encoding fte lycopene cyclase ^^^^^ 

of Figure 7 (SEQ ID NO: 1), 

e) the DNA sequence encoding the fi-carotene i34K>xygenase comprises 1^^ 

sequence of Figure 25 (SEQ ID NO 28), and 

25 f) the DNA sequence encoding the fi-caiotene hydroxylase comprises the 

sequence.of Figure 33 (SEQID NO: 33). 

A four* embodiment of the invention is a process for the preparation of 

ast^ttun and adonbcanthin wherein said process comprises cultunnga 

recombinant cell containing famesyl pyrophosphate and isopentyl 

30 p^ophosphateundercult^econditionssufficientf^^^ 

Lchca^yzetheconversionofthefarnesylpyrophosphateandisopentyl 

pyrophosphate to astaxanthin and adonixanthin, said recombinant cell 
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comprising a host cell transformed by an expression vector comprising a 
regulatory sequence and a polynucleotide containing DNA sequences which 
encode said enzymes, as follows: 

a) a DNA sequence which encodes the GGPP sjmthase of Flavobacterium sp. 

5 R1534 (crtE) (SEQ ID NO: 2) or a DNA sequence which is substantially homologous, 

b) a DNA sequence which encodes the prephytoene synthase of 
Fiavobacterium sp. R1534 (crtB) (SEQ ID NO: 3) or a DNA sequence which is 
substantially homologous, 

c) a DNA sequence wMch encodes ihe p»hytoene desaturase of 

10 Fiavobacterium sp. R1534 (crti) (SEQ ID NO: 4) or a DNA sequence which is 
substantially homologous, 

d) a DNA sequence which encodes the lycoperie cyclase of Fiavobacterium sp. 
R1534 (crtY) (SEQ ID NO: 5) or a DNA sequence which is substantially homologous, 

e) a DNA sequence which encodes tiie C-carotene fi4-oxygenase of 

15 microorganism E-396 (crtWE396) (SEQ ID NO: 32) or a DNA sequence which is 
substantially homologous, and 

f) a DNA sequence which encodes tiie fi-carotene hydroxylase of 
microorganism E-396 (crtZE396) (SEQ ID NO: 34) or a DNA sequence which is 
substantially homologous; 

20 and isolating the astaxantiiin and adonbcanthin from such cells or the culture 
medium. 

The above-described polynucleotide encodes enzymes which catalyze the 
conversion of f arnesyl pyrophosphate and isopentyl pyrophosphate to astaxanthin 
and adoraxanthin. It is preferred that this embodiment of the invention utilize a 
25 polynudeotide containing crtE,crtB,crtI, crtY,crtWE396/ ai^dcr*2E396- 

' It is especially preferred tiiat for this embodiment of the inventioru 

a) the GGPP synthase has the amino acid sequence of Figures (SEQ ID NO: 
2), 

b) tiie prephytoene syntiiase has the amino acid sequence of Figure 9 (SEQ 
30 ID NO: 3), 
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c) the phytoene desaturase has ti\e amino add seque^^^ 
ID-NO: 4), 

d) the lycopene cyclase has the amino acid sequence of l^igure 11 (SEQ ID 
.: N0:5V 

5 e) the fi-carotene fi4-oxygenase has the amino acid sequence of Figure 32 
(SEQ ID NO: 32), and 

f) the fi-carotene hydroxylase has the amino acid sequence of Figure 34 
(SEQ ID NO: 34) . 

10 It is most preferred that for this embodiment of the invention: 

a) the DNA sequence encc)ding the GGPP synthase ccjmprisK bases ^21-3408 
of Figure 7 (SEQ ID NO: 1), 

b) the DN A sequence encoding the prephytoene synthase comprises bases 
4316-3405 of Figure 7 (SEQ ID NO: 1), 

15 . c) the DNA sequence encoding the phytoene desaturase comprises bases 4313- 
5797 of Figure 7 (SEQ ID NO: 1), 

d) the DNA sequence encoding the lycopene cyclase comprises bases 5794-6942 
of Figure 7 (SEQ ID NQ 1), 

e) the DNA sequence encoding the fi-carotene C4-oxygenase comprises the 
20 sequence of Figure 31 (SEQ ID NO: 31), and 

f) the DNA sequence encoding the fi-carotene hydroxylase comprises the 
sequence of Figure 33 (SEQ ID NO: 33). 



A fifth embodiement of the present invention is a process for tiie preparation 
25 of adonixantlun wherein said process comprises culturingarecombinant cell 
containing f amesyl pyrophosphate and isopentyl pyrophosphate under culture 
conditions suftident for the expression of enzymes which catalyze the conversion 
of the f amesyl pyrophosphate and isopentyl pyrophosphate to adonixanthin, said 

recombinant cell comprising a host cell transformed by an expression vector 
30 comprising a regulatory sequence and a polynucleotide containing DNA 
sequences which encode said enzymes, as follows: 



-16- 



a) a DMA sequence which encodes the GGPP synthase of microorganism E- 
396 (crtEE396) (SEQ ID NO: 37) or a DNA sequence which is substantially 
Homologous, 

b) a DNA sequence which encodes the prephytoene synthase of 

5 microorganism E-396 (<xtBE396) or a DNA sequence which is substantially 
homologous, 

c) a DNA sequence which encodes the phytoene desaturase of microorganism 
E-396 (crtlE396) or a DNA sequence which is substantially homologous, 

d) a DNA sequence which encodes the lycopene cyclase of microorganism E- 
396 (crtYE396) or a DNA sequence which is substantially homologous, 

e) a DNA sequence which encodes the b-carotene b4-oxygenase of 
microorganism E-396 (crtWE396) (SEQ ID NO: 32) or a DNA sequence which is 

substantially homologous, and 

f) a DNA sequence which encodes the P-carotene hydroxylase of 
microorganism E-396 (crtZE396) (SEQ ID NO: 33) or a DNA sequence which is 

substantially homologotis, 

said host cell being substantially free of other polynucleotides of 
microorganism E-396; 

and isolating the adonixanthin from such cells or the culture medium. 

The above-described polynucleotide encodes enzymes which catalyze the 
conversion of famesyl pyrophosphate and isopentyl pyrophosphate to 
adoruxantihin. It is preferred that this embodiment of the invention utilize a 
polynucleotide containing crtEE396/ crtBE396' crtlE396/ crtYE396/ crtW^g^ and 
crtZE396. It has been found that the use of the above-described process of the 
invention results in a preferential production of adoruxanthin in relation to 
astaxanthin and other carotenoids. The preferred polynucleotide is plasmid 
pE396CARcrtW-E whose cohstmction is described in Example 9 herein. 

The present invention also comprises the polynucleotides described above 
for the various embodiments of the invention and a vector comprising such a 
polynucleotide, preferably in the form of an expression vector. Furthermore the 
present invention also comprises a recombinant cell wherein said cell is a host cell 



which is traiisfonned by a polynucleotide of the invention or vector which 
contains svich a polynucleotide. Host cells useful for the expression of 
heterologous genes normally contain famesyl pyrophosphate and isopentyl 
pyrophosphate, which are used for other purposes within the cell. Preferably said 
5 host cell is a prokaryotic cell and more preferably said host cell is an E. coli or a 
Bacillus strain. However, said host cell may also be a eukaryotic cell, preferably a 
yeast cell or a fungal cell. 

Finally the present invention also comprises a process for the preparation of 
a desired carotenoid by culturing a recombinant cell of the invention containing a 

10 starting material iri a culture medium under suitable culture conditions and 
isolating the desired carotenoid from such cells or the culture medium wherein 
the cell utilizes tiie polynucleotide of tiie invention which contains said DN A 
sequences to express the enzymes which catalyze the reactions necessary to 
produce the desired carotenoid from the starting material. Where an enzyme 

15 catalyzes two sequential steps and it is preferred to produce the product of the 
second step (such as producing astaxanthin preferentially to adonbcanthin (see Fig. 
28)), a higher copy number of the PNA sequence encoding the enzyme may be 
used to further production of the product of the second of the two steps in 
comparison to the first product. The presait invention furtiier comprises a 

20 process for the preparation of a food or feed composition which process comprises 
mfadng a nutritionally effective amount of the carotenoid isolated from the 
aforementioned recombinant cells or cultlire medium with said food or feed. 

In this context it should be mentioned that the expression "a DNA sequence 

is substantially homologous" refers witii respect to the crlE eitaodiiig DNA 
25 sequence to a DNA sequence which encodes an amino acid sequence which shows 
more than 45 %, preferably more than 60 % and more preferably more than 75 % 
and most preferably more than 90 % identical amino acids when compared to tiie 
amino acid sequence of crtE of Flavobacterium sp. 1534 and is tixe amino acid 
sequence of a polypeptide which shows the same type of enzymatic activity as tiie 
30 enzyme encoded by crtE of Havobacterium sp. 1534. In analogy with respect to crtB 
this means more tiian 60 %, preferably more tiian 70 %, more preferably more 
than 80 % and most preferably more tiian 90 %; with respect to crtl tins means 
more than 70 %, preferably more than 80 % and most preferably more than 90 %; 
witii respect to crtY this means 55 %, preferably 70 %, more preferably 80 % and 
35 most preferably 90 %. 
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"DNA sequences which are substantially homologous" refer with respect to 
the crtWE396 encoding DNA sequence to a DNA sequence which encodes an 
amino acid sequence which shows more than 60%, preferably more than 75% and 
most preferably more than 90% identical amino acids when compared to tiie 
5 amino acid sequence of crtW of tiae microorganism E 396 ^RMBP-4283) and is 

the amino acid sequence of a polypeptide which shows the same type of enzymatic 
activity as the enzyme encoded by crtW of tiie microorganism E 396. In analogy 
with respect to crtZE396 tWs means more than 75%, preferable more than 80% and 
most preferably more than 90%; with respect to crtEE396/ crtBEsga/ crtlE396, 
10 crtYE396 and crtZE396 ^ oceans more than 80%, preferably more than 90% and 
most preferably 95%. 

The expression "said polynucleotide being substantially free of other 
polynucleotides of Flavobacterium sp. R1534" and "said polynucleotide being 
substantially free of other polynucleotides of microorganism E-396" is meant to 
15 preclude tiie present invention from encompassing \he polynucleotides as they 
exist in Fkvobacterium sp. R1534 or in mioroorganism E-396, tiieinselves. The 

polynucleotides herein described which are combinations of two or more DNA 
sequences of Havobacterium sp. R1534 and/or microorganism E-396 are also 
substantially free of other polynucleotides of Flavobacterium sp. R1534 and 
20 microorganism E^96 in any circumstance where a polynucleotide containing only 
a single such DNA sequence would be substantially free of other polynucleotides 

of Flavobacterium sp. R1534 or microorganism E-396. 

DNA sequences in form of genomic DNA, cDN A or synflaetic DNA can be 

prepared as known in the art [see e.g. Sambrook et al.. Molecular Qoning. Cold 
25 SpringHaborLaboratoryPressl989]or,e.g.asspedficaUydescribedinB«amples^^ 
2 or 7. In the context of the present invention it should be noted tiiat all DNA 

sequences used for the process for production of carotenoids of tiie present 
invention encoding crt-g^e products can also be prepared as syntiietic DNA 

sequences according to known metiiods or in analogy to the method specifically 
30 described for crtW in Example 7. 

The cloning of the DNA-sequences of the present invention from such 
genomic DNA can than be effected, e.g. by using the well known polymerase chain 
reaction (PGR) method. The principles of tiiis method are outiined e.g. in PGR 
Protocols: Aguide to Methods and Applications, Academic Press, Inc. (1990). PGR 
35 is an in vitro method for producing large amounts of a specific DNA of defined 
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length and sequence from a mixture of different DNA-sequences. Thereby, PGR is 
based on the enzymatic amplification of the specific DN A fragment of interest 
which is flanked by two oligonucleotide primers which are specific for this 
sequence and which hybridize to the opposite strand of the target sequence. The 

5 primers are oriented with their 3' ends pointing toward each other. Repeated 
cycles of heat denaturation of the template, aimealmg of the primers to their 
complementary sequences and extension of the annealed primers with a DNA 
polymerase restdt in the amplification of the segment between the PGR primers. 
Since the extension product of each primer can serve as a template for flie other, 

10 each cycle essentially doubles the amoimt of the DNA fragment produced in the 
previous cyde. 

By utilizing the thermostable Taq DNA polymerase, isolated from tjie 
thermophilic bacteria Thermus aquaticus, it has been possible to avoid 
denaturation of the pol5aTierase which necessitated the addition of enzyme after 

15 each heat denaturation step. This development has led to the automation of PGR 
by a variety of simple temperature-cycling devices. In addition, the specificity of 
tiie amplification reaction is increased by allowing the use of higher temperatures 
for primer aimealing and extension. The increased specificity improves the 
overall yield of amplified products by minimizing the competition by non-target 

20 fragments for enzyme and primers. In this way the specific sequence of interest is 
highly amplified and can be easily separated from tiie non-spedfic sequences by 
methods known in the art, e.g. by separation on an agarose gel and cloned by 
methods known in the art using vectors as described e.g. by Holten and Graham in 
Nucleic Add Res. 19, 1156 (1991), Kovalic et. al. in Nudeic Acid Res. 19, 4560 

25 (1991), Mardiuk et al. in Nudeic Add Res. 19, 1154 (1991) or Mead et al. in 
Bio/Tedmology 9, 657-663 (1991). 

The oligonudeotide primers used in the PGR procedvire can be prepared as 
known in the art and described e.g. in Sambrook et al., s.a. 

Amplified DNA-sequences can dian be used to screen DNA libraries by 
30 methods known in the art (Sambrook et al., s.a.) or as specifically described in 
Examples 1 and 2. 

Once complete DNA-sequences of the present invention have been obtained 
they can be used as a guiddine to define new PGR primers for the doning of 
substantially homologous DNA sequences from other sources. In addition they 
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and such homologous DNA sequences can be integrated into vectors by methods 
known in the art and described, e.g., in Sambrook et al. (s.a.) to express or 
overexpress the encoded polypeptide(s) in appropriate host systems. The 
expression vector into which the polynucleotides of the invention are integrated 

5 is not critical. Conventional expression vectors may be selected based upon the 
size of the polynucleotide of the invention to be inserted into the vector and the 
host cell to be transformed by the vector. Such conventional expression vectors 
contain a regulatory sequence for tiie synthesis of mRN A derived from the 
polynucleotide of the invention being expressed and possible marker genes. 

10 Conventional regulatory sequences generally contain, but are not limited to, one 
or more of the following: a signal sequence, an origin of repUcationi one or more 
marker genes, an enhancer demait, a promoter, and a transcription termination 

sequence. 

However, a man skilled in the art knows that also the DNA-sequenCes 
15 themselves can be used to transform the suitable host systems of the invention to 
get oyerexpression of the encoded polypeptide. Appropriate host systems are for 
example Bacteria e.g. R coU, Bacilli as, e.g. Bacillus subtilis or Flavobacter strains. 
E. coU, which could be used are E. coU K12 strains e.g. M15 [described as DZ 291 by 
ViUarejo et al. in J. Bacteriol. 120, 466-474 (1974)], HB 101 [ATCC No. 33694] or E. 
20 coliSG13009[Gottesmanetal., J. Bacteriol. IM/ 265-273 (1981)]. 

Suitable Flavobacter strains can be obtained from any of the culture 
collections known to the man skiUed in the art and listed, e.g. in the journal 
"Industrial iProperty" (January 1994, pgs 29-40), like the American Type Culture 
Collection (ATCQ or the Centralbureau voor Schimmelkultures (CBS) and are, 
25 e.g.Havobactaiumsp.R 1534 (ATCC No. 21588, classified as unknown bacterium; 

or as CBS 519.67) or all Flavobacter.strains listed as CBS 517.67 to CBS 521.67 and 
CBS 523.67 to CBS 525,67, especially R 1533 (which is CBS 523.67 or ATCC 21081, 

classified as unknown bacterium; see also USP 3,841,967). Further Havobacter 
strains are also described in WO 91/03571. Suitable eukaryotic host systems are for 
30 example fungi, like Asp^gilH, e.g. Aspergillus niger [ATCC 9142] or yeasts, like 
Saccharomyces, e.g. Saccharomyces cerevisiae or Pichia, like pastoris, all available 
from ATCC 

Suitable vectors which can be used for expression in E. coli are mentioned, 
e.g., by Sambrook et al. [s.a.] or by Fiers et al. in Frocd. 8th Int. Biotechnology 

35 Symposium" [Soc. Franc, de Microbiol., Paris (Durand et al., eds.), pp. 680-697 
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(1988)] or by Bujard et al. in Methods in Enzymblogy, eds. Wu and Grossmann, 
Academic Press, Inc. Vol. 155, 416-433 (1987) and Stuber et al. in Immunological 
Methods, eds. Lefkovits and Pemis, Academic Press, Inc., Vol. IV, 121-152 (1990). 
Vectors which could be used for expression in Bacilli are known in the art and 
described, e.g., in EP 405 370, BP 635 572 Procd. Nat Acad. Sci. USA 81, 439 (1984) by 
Yansura and Henner, Meth. Enzym. 185, 199-228 (1990) or EP 207 459. Vectors 
which can be used for expression in fungi are known in the art and described e.g. 
in EP 420 358 and for yeast in EP 183 070, EP 183 071, EP 248 227, EP 263 311. Vectors 
which can be used for expression in Flavobacter are known m the art and 
described in the Examples or, e.g. in Plasmid Technology, edt. by J. Grinsted and 
RM Bennett, Academic Press (1990). 

Once such DNA-sequences have been expressed in an appropriate host cell in 
a suitable meditm:!, the carotenoids can be isolated either from the medium in the 
case they are secreted into the medium or from the host organism and, if 
necessary separated from other carotenoids if present in case one specific 
carotenoid is desired by methods known in the art (see e*g. Carotenoids Vol I A: 
Isolation and Analysis, G, Britton, S. Uaaen-Jensen, H. Pfander; 1995, Birkhauser 
Verlag, Basel) . 

The carotenoids of the present invention can be used in a process for the 
preparation of food or feeds. A man skilled in the art is familiar with such 
processes. Such compovmd foods or feeds can ftirther comprise additives or 
components generally used for such ptupose and known in the state of the art. 

After the invention has been described in general hereinbefore, the following 
examples are intended to iUustrate details of the invention,^ \^ 
limiting it in any matter. 

Example 1 

Materials and general methods used 

Bacterial strains and plasmids: Flavobacterium sp. R1534 WT (ATCC 21588) 
was the DNA source for the genes cloned. Partial genomic libraries of 
Flaoobacterium sp. R1534 WT DNA were constructed into the pBluescriptn+(KS) 
or (SK) vector (Stratagene, La Jolla, USA) and transformed into E. coli XL-1 blue 
(Stratagene)orJM109. 



Media and growth conditions: Transformed £. coli were grown in Luria broth 
. (LB) at 37^ C with lOOmg Ampicillin (Amp)/ ml for selection. Flavobacteritim sp. 
: R1534 VVT was grown at 27° C in medium containing 1 % glucose, 1 % tryptone 
(Difco Laboratories), 1% yeast extract (Difco), 0.5% MgS04 7H20 and 3% NaCl. 

5 Colony screening: Screening of the E. coli transf ormants was done by PGR 

basically according to the method described by Zdn et al. [Zon et al., BioTechniques 
7, 696-698 (1989)] iising the following primers: 

Primer #7 (SEQ ID NO: 38): 5'-CCTGGATGACGTGCrGGAATATrCC-3' 

Primer #8 (SEQ ID NO: 39): 5'-CAAGGCCCAGATCGCAGGCG-3' 

lb Genomic DNA: A 50 ml overnight culture of Flavqbacteriuth sp. R1534 was 

centrifuged at 10,000 g for 10 minutes. The pellet was washed briefly with 10 ml of 
lysis buffer (50 mM EDTA, O.IM NaQ pH7,5), resuspended in 4 ml of the same 
buffer sumplemented with 10 mg of lysozyme and incubated at 37*^C for 15 
minutes. After addition of 0.3 ml of N-Lauroyl sarcosine (20%) the incubation at 

15 37^C was continued for another 15 minutes before the extraction of the DNA with 
phenol, phenol/chloroform and chloroform. The DNA was ethanol precipitated 
at room temperature for 20 minutes in the presence of 0,3 M sodium acetate (pH 
5.2), followed by centrifugation at 10,000 g for 15 minutes. The pellet was rinsed 
with 70% ethanol, dried and resuspended in 1 ml of TE (10 mM Tris, ImM EDTA, 

20 pH8.0). 

Ail genoECuc DNA used in the southern blot analysis and cloning 
experiments was dialysed against H2O for 48 hours, using coUodium bags 
(Sartorius, Germany), ethanol precipitated in the presence of 0.3 M sodiiun acetate 
and resuspended in H2O. 

25 Probe labelling: DNA probes were labeled with (a - ^^) dGTP (Amersham) by 

random-priming according to [Sambrook et al., s.a.]. 

Probes used to screen the mini-libraries: Probe 46F is a 119 bp fragment 
obtained by PGR using primer #7 (SEQ ID NO: 38) and #8 (SEQ ID NO: 39) and 
Flavobacterium sp. R1534 genomic DNA as template. This probe was proposed to be 
30 a fragment of the Flavobacterium sp. R1534 phy toene synthase (crtB) gene, since it 
shows significant homology to the phytoene synthase genes from otiier species (e.g. 
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E. uredavora, E. herbicola). Probe A is a BstXI - PstI fragment of 184 bp originating 
from the right arm of the insert of clone 85. Probe B is a 397 bp Xhol - NotI 
fragment obtained from the left end of the insert of clone 85. Probe C is a. 536 bp 
Bglll - PstI fragment from the right end of the insert of clone 85. Probe D is a 376 
5 bp Kpnl - BstYI fragment isolated from the insert of done 59, The localization of the 
individual probes is shown in figure 6. 

Oligonucleotide synthesis: The oligonucleotides used for PGR reactions or for 
sequencing were synthesized with an Applied Biosystems 392 DN A synthesizer. 

Southern blot analysis: For hybridization experiments Flouoboctenum sp. 

10 R1554: genomic DNA (3 mg) was digested with the appropiate restriction enzymes 
and dectrophoresed on a 0.75% agarose gd. The transfer to Zeta-Probe blotting 
membranes (BIORAD), was done as described [Sourtherri, E.M., J. Mol. Biol. 9S, 
503 (1975)] . Prdiybridization and hybridization was in 7%SDS, 1 % BSA (fraction V; 
Boehringer), 0.5M NaiHP04, pH 72 at 65°C. After hybridization the membranes 

15 were washed twice for 5 minutes in 2x SSC, 1% SDS at room temperature and 
twice for 15 minutes in 0.1% SSC, 0.1% SDS at 65° C 

DNA sequence analysis: The sequence was determined by the didedxy chain 
termination technique [Sanger et al., Proc. Natl. Acad. Sci. USA TA, 5463-5467 
(1977)].using the Sequenase Kit (United States Biodiemical). Both strands were 
20 completdy sequenced and the sequence analyzed using the GCG sequence analysis 
software package (Version 8.0) by Genetics Computer, Inc. pevereux et al., Nudeic 
Adds. Res. 12, 387-395 (1984)]. 

Analysis of carotenoids: E. coli XL-1 or JM109 cells (200 - 400 ml) carrying 
diff erent plasmid conistructs were grown for the times indicated in tiie text, 
25 usually 24 to 60 hours, in LB suplemented with lOOmg Ampicillin/ml, in shake 
flasks at 37° C and 220 rpm 

The carotenoids present in the microorganisms were extracted with an 
adequate volume of acetone using a rotation homogenizer (Polytron, Kinematica 
AG, CH-Liizem). The homogenate was the filtered through the sintered glass of a 
30 suction filter into a round bottom flask. The filtrate was evaporated by means of a 
rotation evaporator at 50" C using a water-jet vacuum. For the zeaxanthin 
detection the residue was dissolved in n-hexane/ acetone (86:14) before analysis 
- with a normalphase HPLC as described in [Weber, S. in Analytical Methods for 
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• Vitaxnins and Carotenoids in Feed, Keller, H.E. , Editor, 83-85 (1988)]. For the 
detection of p-carotene and lycopene the evaporated extract was dissolved in n- 
hexane/ acetone (99:1) and analysed by HPLC as described in [Hengartner et al., 
Helv. Ghim. Acta 75, 1848-1865 (1992)1. 

5 Example 2 

Cloning of the Flavobacterium sv. R1534 caioteno id biosvnthetic genes. 

To identify and isolate DNA fragments carrying the genes of the carotenoid 

biosynthesis padiway, we used the DNA fragment 46F (see niethods) to probe a 
Southern Blot carrying chromosomal DNA of Hfloobflcteriumsp. R1534 digested 

10 with different restriction enzymes Fig. 2. The 2.4 kbXhoI/PstI fragment 

hybridizing to the probe seemed the most appropiate one to start with. Genomic 
FUroobaaerium sp. R1534 DNA was digested wifli XhoI/PstI and run on a 1% 
agarose gel. According to a comigrating DNA marker, the region of about 2.4 kb 
was cut out of the gel and the DNA isolated. A XhoI/PstI mini library of 

15 Flavobacterium sp. R1534 genomit DNA was constructed into Xhol - PstI sites of 
pBluescriptIISK(+). One hundred E. coli XLl transformants were subsequently 
screened by PGR with primer #7 (SEQ ID NO: 38) and primer # 8 (SEQ ID NO: 39), 
the same primers previously used to obtain the 119 bp fragment (46F). One positive 
transformant, named clone 85, was found. Sequencing of the insert revealed 

20 sequences not only homologous to the phytoene synthase (crtB) but also to the 
phytoene desaturase (crti) of both Erromifl spedes herbicola and uredovora. 1^ 

and right hand genomic sequences of done 85 were obtained by the same approach 
using probe A and probe B. Flaoobaderium sp. R1534 genomic DNA was double 
digested with Qal and Hind HI and subjected to Southern analysis with probe A 
25 and probe B. With probe A a dal/Hindni fragment of aprox. 1.8 kb was identified 
(Fig. 3A), isolated and subdoned into the Qal/Hindm sites of pBluescriptllKS (+) . 
Screening of the E. a>K XLl transformants with probe A gave 6 positive dones. The 

insert of one of these positives, done 43-3, was sequenced and showed homology to 
the N-terminus of crti genes and to the C-terminus of crtY genes of both Enoinia 
30 species mentioned above. With probe B an approx. 9.2 kb Qal/Hindni fragment 
was detected (Fig. 3B), isolated and subdoned into pBluescriptllBCS (+) . 

A screening of the transformants gave one positive, done 51. Sequencing of 
the 5' and 3' of the insert, revealed that only the region dose to the HindlH site 
showed relevant homology to genes oif the carotenoid biosynthesis of the Erwinia 
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■ species mentioned above (e.g, crtB gene and crtE gene). The sequence around the 
Qal site showed no homology to known genes of the carotenoid biosynthesis 
pathway. Based on this information and to facilitate further sequencing and 
coiistraction work, the 4.2 kb BaiiiHI/Hindm frag^ 
5 into the respective sites of pBluescriptIIKS(+) residting in done 2 Sequencing of 
the insert of this clone confirmed the presence of genes homologo 
sp crtB and crtE genes. These genes were located within 1.8 kb from the Hindin 
site. The remaining Z4 kb of this insert had no homology to known carotenoid 
biosynthesis genes. 

10 Additional genomic sequences downstream of the Qal site were detected 

using probe C to hybridize to Flwiwbacterium sp. R1534 genomic DN A digested 
with different restriction enzymes (see figure 4). • 

A Sall/Hindlll fragment of 18 kb identified by Southern analysis was isolated 
and subcloned into the HindlU/XhoI sites of pBluescriptllKS (+). Screening of the 

15 E. coli XLl transformants with probe A gave one p9sitive done named done 59. 
The insert of this done confirmed the sequence of done 43-3 and contained in 
addition sequences homologous to the N-terminus of the crtY gene from other 
known lycopene cyclases. To obtain the putative missing crtZ gene a Sjau3AI 
partial digjestion library of Flaoobacterium sp. R1534 was constructed into the 

20 BamHIsiteof pBluescriptIIKS(+). Screening of this Ubrarywi 

several positive dones. One transformant desigrmted, done 6a^ had an iriser^ 
kb. Sequwdng of the insert revealed besides the already Imown sequences co<^ 
for crtB, qrti and crtY also the missing crtZ gene. Qone 7g was isolated from a miru 
library carrying BclI/SphI fragments of R1534 (Fig. 5) and screened with probe D. 

25 The insert size of done 7g is approx. 3 kb. 

The sbc independent insierts of the dones described above covering approx. 14 
kb of the Fte?a&acfmum sp. R1534 genome «e compiled in Fig^ 

The determined sequence dpaiming from the BamHI site (position 1) to base 
pair 8625 is shown figure 7. 

30 Putative protein coding regions of the cloned R1534 sequence. 

Computer analysis using the CodonPreference program of the GCG package, 
which recognizes protein coding regions by virtue of the similarity of their codon 
usage to a given codon frequency table, revealed dght open reading frames (ORFs) 
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encoding putative proteins: a partial ORF from 1 to 1165 (ORF-5) (SEQ ID NO: 41) 
coding for a polypeptide larger than 41382 Da; an ORF coding for a polypeptide 
witti a molecular weight of 40081 Da from 1180 to 2352 (ORF-1) (SEQ ID NO: 40); 
an ORF coding for a polypeptide with a molecular weight of 31331 Da from 2521 to 
5 3405 (crtE); an ORF coding for a polypeptide with a molecular weight of 32615 Da 
from 4316 to 3408 (crtB); an ORF coding for a polypeptide with a molecular weight 
of 54411 Da from 5797 to 4316 (crtl); an ORF coding for a polypeptide with a 
molecular weight of 42368 Da from 6942 to 5797 (crtY); an ORF coding for a 
polypeptide with a molecular weight of 19282 Da from 7448 to 6942 (crtZ); and an 
10 ORF coding for a polypeptide with a molecular weight of 19368 Da from 8315 to 
7770 (ORF-16) (SEQ ID NO: 42); ORF-1 and crtE have the opposite transcriptional 
orientation from the others (Fig. 6). The translation stiart sites of the ORFs crii, crtY 
and crtZ could clearly be determined based on the appropiatdy located sequences 
homologous to the Shine/Ddgano (S/D) [Shme and Dalgamo, Proc. Natl. Acad. 
15 Sd. USA ZL 1342-1346 (1974)1 consensus sequence AGG-6-9N-ATG (Fig. 10) and 
the homology to ttie N-terminal sequences of the respective enzymes of E. herbicola 
and E. utedaoora. The translation of the ORF crtB could potentially start from three 
dosdy spacedcodons ATG (4316), ATG (4241) and ATG (4211). The first one, 
although not having the best S/D sequence of the three, gives a translation product 
20 with the highest homology to the N-terminus of the E. herbicola and E. uredaoora 
crtB protein, and is therefore the most likdy translation start site. The translation of 
ORF crtE could potentially start from five different start codons found within 150 
bp : ATG (2389), ATG (2446), ATG (2473), ATG (2497) and ATG (2521). We bdieve 
that based on the following observations/the ATG (2521) is the most likdy 
25 transcription start site of crtE: this ATG start codon is preceeded by the best 

consensus S/D sequence of aU five putative start sites mentioned; and the putative 

N-termind amino acid sequence of the protein encoded has the highest homology 
to the N-terminus of the crtE enzymes of E. herbicola and E. uredovora; 

Characteristics of the crt fcanslational initiation sites and gene products. 
30 The franslational start sites of the five carotenoid biosynthesis genes are 

shown bdow and the possible ribosome binding sites are underlined. The genes 
crtZ, CrtY, crtl and crtB are grouped so tightly that the TGA stop codon of the 

anterior gene overlaps the ATG of the foUowing gene. Only three of the five genes 
(crtl, crtY and crtZ) fit with the consensus for optimal S/D sequences. The boxed 

35 TGA sequence shows the stop condon of the anterior gene. 
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crtE 


(SEQIDNO:43) 


CGGACCTGGCCGTCGCA^gCCGATC 




(SEQIDNO:44) 


cggatcgcaatacaE^gccatg 


crtY 


(SEQIDNO:45) 


.ctgcaggag?^g?vgcaCTgttccg 


crtI 


(SEQIDNO:46) 


GgyiGGGGCCGGCATGAGCACTT 


crtz 


(SEQIDNO:47) 



4. 



Amino add sequences of individual crt saies'oi Flavobacterium sp. R1534. 

All five ORFs oi Flai^obactenutn sp. R1534 having homology to Isndwn 
carotenoid biosynthesis genes of other species are clustered in approx. 5.2 kb of the 
5 sequence (Fig. 7) (SEQ ID NO: 1). 

GGDP synthase (crtE) 

The amino add (aa) sequence of the geranylgeranyl pyrophosphate synthase 
(crtE gene product) consists of 295 aa and is shown in figure 8 (SEQ ID NO: 2). This 
enzyme condenses famesyl pyrophosphate and isopentenyl pyrophosphate in a 1' - 

10 Phytoene synthase (crtB) 

This enzyme catalyzes two enzymatic steps. First it condenses in a head to head 
reaction two geranylgeranyl pyrophosphates (C20) to the C40 carotenoid 

. prephytoene. Second it rearanges the cyclopropyhing of prephy toene to phytoene. 
The 303 aa encoded by the crtB gene of FUwobactmum sp. R1534 is shown in figure 9 

15 (SEQrDNO:3). 

Phytoene desaturase (crtO 

The phytoene desaturase of Ftoofeoctmum sp. R1534 consisting of 494 aa, 
shown in figure 10 (SEQ ID NQ 4), performs like the crtI enzyme of E. terhcolfl 
and E. uredavora, four desaturation steps, converting the non-coloured carotenoid 
20 phytoene to the red coloured lycopene. 
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Lycopene cyclase (crtY) 

The crtY gene product of Hfli'obflctemnn sp. R1534 ^ 
the b-ionone rings at both sides of lycopene to obtain p-carotene. The lycopene 
• cyclase olFhwobacterium sp. R1534 consists of 382 aa (Fig. 11) (SEQ ID NO: 5). 

fi-carotene hydroxylase (criZ) 

Tlie gene product of crtZ consisting of 169 aa (Fig. 12) (SEQ IP NO: 6) and 
hydro^lates p-carotene to me xanthophyll zeaxanthin. 

Putative enzymatic functions of the ORF'8 (orf-l (SEQ ID NO: 40), or£-5 (SEQ 
ID NO: 41) and orf-16 (SEQ ID NO: 42)) 

0 The orf-1 (SEQ ID NO: 40) has at the aa level over 40% identity to acetbacetyl- 

Co A thiolases of different organisms (e.g. Candida tropicalis, human, rat). This 
gene is therefore most likely a putative acetoacetyl-CoA thiolase (acetyl-CoA 
acetyltransferase), which condenses two molecules of acetyl-CoA to Acetoacetyl- 
CoA. Condensation of acetoacetyl-Co A with a third acetyl-CoA by the HMG-CoA 

5 synthase forms p-hydroxy-p-methylglutaryl-CpA (HMG-CoA). TWs compound as 
part of the mevalonate paiiiway which produces besides sterols also numerous 

kinds of isoprenoids with diverse ceUular functions. In bacteria and plants, the 
isoprenoid pathway is also able to synthesize some unique products like 
carotenoids, growth regulators (e.g. in plants gibbereUins and abcissic acid) and 
20 sencodaxymLboUteslik.phytoalexinslRiouetal.,Genem293-297(l^^^^^ 

The orf-5 (SEQ ID NO: 41) has a low homology of approx. 30%, to the amino 
acid sequence of polyketide syntiiases from different streptomyces (e.g. S. 
violaceoruber, S. dnnamonensis). These antibiotic synthesizing enzymes 
(polyketide syntiiases), have beenda^ified into two groups. Type-I polyketide 

25 syntiiases are large multifunctional proteins, whereas type-H polyketide 

syntiiases are multiprotein complexes composed of several individual protems 
involved iri tiie subreactions of tiie polyketide syntiiesis [Bibb, et al. Gene 142, 31- 
39(1994)1. 

The putative protein encoded by tiie orf.l6 (SEQ ID NO: 42) has at ti^e aa level 
30 an identity of 42% when compared to tiie soluble hy drogenase subunit of Anabaena 
cylindrica. 

Functional assignment of tiie ORF 's (crtE, crtB, crti, crtY and crtZ) to 
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enzymatic activities of ttie carotenoid biosynthesis pathway. 



The biocheijucal assignment of the gene products of the different ORF's were 
revealed by analyzing carotenoid accumulation in £. co/i host strains that were 
transformed with deleted variants of flie FlaiHjbacteriutn sp. gene cluster and 
5 thus expressed not all of the crt genes (Fig. 13). 

Three different plasmid were constructed: pLyco, p59-2 and pZea4. Plasmid 
p59-2 was obtained by subclorung the Hindlll/BamHI fragment of clone 2 into the 
Hindlll/BamHI sites of done 59. p59-2 carries the ORF's of the crtE, crtB, crti and 
crtY gene and should lead to the production of p-carotene. pLyco was obtained by 

10 deleting the Kpitf/Kpnl fragment, coding for approx. <mehalf ^-terminus) of the 
crtY gene, from tiie p59-2 plasmid, E. coli cells transformed with pLyco, and 
therefore having a truncated non-functional crtY gene, should produce lycopene, 
the precursor of p-carotene. pZea4 was constructed by ligation of tiie Ascl-Spel 
fragmait of p59-2, contaiiung the crtE, crtB, crtI and most of the crtY gene with the 

15 Ascl/Xbal fragment of done 6a, containing the sequeiices to complete the crtY 
gene and the crtZ gene. pZea4 [for complete sequence see Fig. 24 (SEQ ID NO: 27); 
nudeotides 1 to 683 resvdt from pBluescriptIIKS(+), nucleotides 684 to 8961 from 
Flavobacterixmi R1534 WT genome, nucleotides 8962 to 11233 from 
pBluescriptIIKS(+)] has therefore all five ORF's of the zeaxanthin biosynthesis 

20 pathway. Plasmid pZea4 has been deposited on May 25, 1995 at the DSM-Deutsche 
Sammlxmg von Mikroorganismen xmd Zellkulturen GmbH (Germany) under 
accession No. DSM lOOlZ E. coli cells transformed with this latter plasmid should 
flieref ore produce zeaxanthin. For the detection of the carotenoid produced, 
transformants were grown for 48 hours in shake flasks and then subjected to 

25 carotenoid analysis as described in the methods sectioru Figure 13 summarizes the 
different inserts of the plasinids described above, and the main carotenoid detected 

in the cells. 

As expected the pLyco carrying E. coli cells produced lycopene, those carrying 
p59-2 produced p-carotene (aU-E,9-Z,13-Z) and the cells having the pZea4 construct 
30 produced zeaxanthiru This confirms ttiat all tiie necessary genes of 

FlODdbacterium sp. R1534 for the synthesis of zeaxanthin or their precursors 
(phytoene, lycopene and p-carotene) were doned. 



Example 3 
enzymes 

- B,clerUlstr.in.»dpl»-ad«ThevectorspBluescriptnKSM 

E „7s«dns,ae XL-1 blue (S«,ag.ne),TGl orJMminallB. 

t^oLitton., strain 1012 was used. Plasmid. pHP13 [Hateva e, al.. Mol. Gea 
^v^^ 335-342 (1987)1 and P602/22 [l^rice, Sf. J. in Gene Expressiori 

10 T«S.olEdiL.201.2U(1990)] a«Gran. W/(-)Au«leveC<.s 
I^«S^cateinB.»k*andE«Kcens.Plaanrddp205con.a^^ 
p^,IoL doned into tt« Smal siteof puq8. PUsnUd P^^^ 
rec.orfor.heconsamtiveexpressionofgen«inB.»I..i«tHa,^ 
W Symposium on fte Genetics of Industrial Microorgamsnfi, June 26-)uIy 1 

„ r9^4rLeal,Quebec,Canadaa994)l.PlasmidpBEST5ma.ayaet^ 

lisRes. JZai). «10 0989)1 conwns the 

originatir^ from the plasmid ptnllO (GenBank enU7: M94») of S 

Senzte et al., Plasmid 15, 93-103 (1986); McKenzie et al., Plasmid 17, 83-84 
^^^^ne^rydngeneh^beenshowntoworkasasde^c^n^^when 

M p3inasingIecopyinftegenomeofB.sul,«i..Plasm>dpa94(ATCC 
S^enB J en..y;ii)8860) originates from S. 

W^LvJ.BactJol.m815^(l«)l»^°»'^**~''*^' 

acetyltransf erase gene. 

Media and grovrth conditions: E. cofi were grown in Luria broth (LB) 

» . -ir / A«,r,^ /ml for selection. B.subti/isceUs were grown in 

mg/ml) or chloramphenicol (1(W0 mg/ml). 

Transformation: E. c«Ii transfornvations were done by electropo^^^^^^^ 
Transtormau .^^p.^/xT^cules CA, USA) with the followmg 

r^ecularBio.ogicalMe,hodsforBacmus,H^o^^^^^^^^ 
S.M.,Bditor,JohnWiley&Sons;Chichester,England.61.74aW)l. 



Colony screening: Bacterial colony screening was done as described by [Zpn et 
al., s.a.}. 

Oligonucleotide synthesis: The oligonucleotides used for PGR reactions or for 
sequencing were synthesized with an Applied Biosystems 392 DNA synthesizer. 

PGR reactions: The PGR reactions were performed using either the UlTma 
DNA polymerase (Perkin Ehner Cetus) or the Pfu Vent polymerase (New England 
Biolabs) according to the manufacturers instructions. A typical 50 ml PGR reaction 
contained: lOOng of template DNA, 10 pM of each of the primers, all four dNTP's 
(final cone. 300 mM), MgQj (When UlTma polymerase was used; final cone. 2 mM), 
Ix UlTma reaction buffer or Ix Pfu buffer (suppUed by the manufacturer). AU 
components of the reaction with the exception of the DNA polymerase were 
incubated at 95°G for 2 min. foUowed by the cycles indicated in the respective 
section (see below). In all reactions a hot start was made, by adding the polymerase 
in the first round of the cyde during fhe 72'*C elongation step. At the end of the 
PGR reaction an aliquot was analysed on 1% agarose gel, before exfaracting once 
with phenol/chloroform. The amplified fragment m the aqueous phase was 
precipitated with 1/10 of a 3M NaAcetate solution and two volumes of Ethanol. 
After centrifugation for 5 mia at 12000 rpm, the peUet was resusperided in an 
adequate volume of HA typically 40 ml, before digestion with the indicated 
restriction enzymes was performed. After the digestion the mbcture was separated 
on al% low melting point agarose. The PGR product of the expected size were 
excised from tiie agarose and purified using the glass beads method (GENEGLEAN 
KIT, Bio 101, Vista GA, USA) when the Ifragmeiits wore above 400 bp or direcfly 
spun out of the gel when the fragments were shorter than 400 bp, as described by 
[Heery et al., TIBS 6 (6), 173 (1990)]. 

Oligos used for gene amplification and site directed mutagenesis: 

All PGR reactions performed to allow the construction of the different 
plasmids are described below. All the primers used are summarized in figure 14. 

Primers #100 (SEQ ID NO: 7) and #101 (SEQ ID NO: 8) were used in a PGR 
reaction to amplify the complete crtE gene having a Spel restriction site and an 
artificial ribosomal binding site (RBS) upstieam of tiie transcription start site of this 
gene. At the 3' end of the amplified fragment, two unique resfaiction sites were 
introduced, an AvrH and a Smal site, to facflitate the further cloning steps. The 
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PGR reaction was done with UlTma polymerase using the following conditions for 
the amplification: 5 cycles with the profile: 95X 1 min./ 60°C, 45 sec./ 72X 1 

clone2 served as template DNA. The final PGR product was digested with Spel 
5 and Smal and isolated using the GENEGLEAN KIT. The size of the fragment was 
approx. 910 bp. 

Primers #104 (SEQ ID NO: 9) and #105 (SEQ ID NO: 10) were used in a PGR 
reaction to amplify the crtZ gene from the translation start till the Sail restric^^ 
site, located in the coding sequence of this gene. At the 5' end of the crtZ gene an 
10 EcoRI, a synthetic RBS and a Ndel site was introduced/ The PGR conditions were 
as described above. Plasmid pBIIKS(+)-clone 6a served as template DNA and the 
final PGR product was digested with EcoRI and Sail, Isolation of the fragment of 
approx. 480 bp was done with the GENEGLEAN KIT. 

Primers Mim (SEQ ID NO: 11) and MUT5 (SEQ ID NO: 14) were used t^ 
15 amplify the complete crtY gene. At the 5' end, the last 23 nucleotides of the crtZ gene 
including the Sail site are present/followed by an artificial RBS preceding the 
translation start site of the crtY gene. The artificial RBS created includes a Pmll 
restriction site. The 3' end of the amplified fragment contains 22 nucleotides of the 
crti gene, preceded by a newly created artifial RBS which contains a Muni restriction 
20 site. The conditions used for the PGR reaction were as described above using the 
following cycling profile: 5 rounds of 95''G, 45 sec./ 60°G, 45 sec./ 72°G, 75 sec. 
fallowed by 22 cycles with the profile: 95*'C 45 sec./ 66X 45 sec./ 72X 75 sec.. 
Plasmid pX[12-ZYIB-EINV4 ^tved as template for the Pfu Vent polymerase. The 
PGR product of 1225 bp was made blunt and cloned into the Smal site of pUG18, 
25 using the Sure-Qone Kit (Pharmacia) according to the nMnufacturer. 

Primers MUT2 (SEQ ID NO: 15) and MUT6 (SEQ ID NO: 15) were used to 
amplify the complete crtI gerie. At the 5' the last 23 nucleotides of the crtY gene are 
present, followed by an artificial RBS which precedes the translation start site of the 
aH gene. The new RBS created, includes a Mtml restriction site. The 3' 6nd of the 

30 amplified fragment contains the artificial RBS upstream of the crtB gene including a 
BamHI restriction site. The conditions used for the PGR reaction were basically as 
described above including the following cycling profile: 5 rounds of 95*^G, 30 sec./ 
60X 30 sec./ 72^Q 75 sec., followed by 25 cycles with the profile: 95^*0, 30 sec,/ 66X 
30 sec./ 72''G, 75 sec. Plasmid pXI12-ZYIB-EINV4 served as template for the Pfu 

35 Vent polymerase. For the further cloning steps the PGR product of 1541 bp was 
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digested with Muni and BainHI. 

timers MUT3(SK 
ampliiy the N-ttnninus of the crtB g«.e. At 5' to bst 28 mdeotides of a« 

ga«aieptesenlfollowedbyanirf£kj3lRBS,i«ecedingthet^ 
5 L«Bgene,TOsnewcrea.edRBS,mdudesaBainMrestriclto 

fragment named PCR-F contains dso Htadlfl restriction ate 1^ 

of ihe crtB gene. The condittons nsed for the PGR reaction were 
desc,ibedelsewhereinthel^induding.hefonowingcyclmgp™fae:5 
95»C 30 s*./ 58°C 30 sec/ 72X 20 sec. fonowed by 25 cydes with the profde, 95 

10 M^/ 6(rQ30sec./ 7?Cfflsec..Plasmidp>ai2-ZVIB.BINV4s^^^^^^ 

BamHI and Hindni. 

Oligos used to amplify the chloramphenicol resistance gene (cat): 

Prime«CAT3(SEQlDNal7)andCAT4(SEQIDNO:18)w«^^^ 
15 arm>lifythedaoramphemcolresis.a„cege„eofpa94(^C37034)[Ho^^ 
^V^isblum,s.a.laR-plasnudfo»dinS.-m««s.Ihecondit.ons„sedfor^^^ 
Laonwereasdescribedpreviouslyindudingthefollowingcydmgp«.fd«^^ 
"„f95-C,60 8ec./5(fC,60secV72»C,2miruMlowedby20cyd^w*hlhe 
Z^. 95»C. 60 sec./ 60 sec:/ 72»C, 2 mir.. Plasmid pa9^ served as tempU^ 
tetoPfuV;ntpoi;merase.TheFCRprodu«^ 

EcoRIand 
Aatn. 

OUgos used to generate linkers: Uricers were obtained by adding 90 ngof ead, 
o£thetwLr^pondingprim«sin.oanEppendorftabe.-aen*<turewasdned 
25 taaledvacandthepeUetresusperdedinlxligationbufferCBoehr^ 

cooling down to KT, to aUow the primers to hybridize properly. The hnker were 
:rwldytobeligatedintotheappropriafesites.AUtheoligosusedtogen^^^ 

linkers are shown in figure 15. 
30 PrimersCSl(SEQroNal9)andCS2(SEQIDNa20)were»sedtoforma 
Wcer^^g.Lfonowi.«restrictionssitesHindlIlAmi,Scal.Xbal.Pme.a^ 

EcoRI. 

PrimersMUT7(SEQIDNO:21)andMUT8(SEQIDNO:22)wereusedto 
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form a linker containing the restriction sites Sail, Avrll, Pmll, Mlul, Muni, BamHI, 
SphlandHindllL 

Primers MUT9 (SEQ ID NO: 23) and MOT 
introduce an artificial RBS upstream of crtY. 

5 Primers MUTll (SEQ ID NO: 25) and MUn2 (SEQ ID NO: 26) were used to 

introduce an artificial RBS upstream of crtE. 

Isolation of RNA: Total RNA was prepared from log phase growing B. 
subtilis according to the method described by [Maes and Messens, Nucleic Acids 
Res. 20 (16), 4374 (1992)]. 

10 Northern Blot analysis: For hybridization experiments up to 30 mg of B. 

subtilis RNA was electrophoreses on a 1% agarose gel made up in Ix MOPS and 
0.66 M formaldehyde. Transfer to Zeta-Probe blotting membranes (BIO-RAD), UV 
cross-linking, pre-hybridization and hybridization was done as described 
elsewhere in [Farrell, J.R.E., RNA Methodologies. A laboratory Gxiide for isolation 

15 and characterization. San Diego, USA: Academic Press (1993)1. The washing 

conditions xised were: 2 X 20 inin. in 2xSSPE/0-l% SDS followed by 1 X 20 min. in 
0.1% SSPE/0.1% SDS at eS'^C. Northern blots were then analyzed either by a 
Phosphorimager (Molecular Dynamics) or by autoradiography on X-ray films from 
Kodak. 

20 Isolation of genomic DNA: B. subtilis genomic DNA was isolated from 25 ml 

overnight cultures according to the standard procedure method 2.6 described by 
[13]. 

Southern blot analysis: For hybridization experiments B. subtilis genomic 

DNA (3 mg) was digested with the appropriate restriction enzymes and 
25 dectrophoresedonaO.75% agarose gel. The transfer to Zeta-Probe blotting 

membranes (BIO-RAD), was done as described [Southern, E.M., s.a.]. 

Prehybridization and hybridization was in 7%SDS, 1 % BSA (fraction V; 

Boehringer), 0.5M Na2HP04, pH 72 at 65°C. After hybridization the membranes 

were washed twice for 5 min. in 2x SSC, 1 % SDS at room temperature and twice 
30 for 15 min. in 0.1 % SSC, 0.1 % SDS at 65° C. Southern blots were then analyzed 

either by a Phosphoriniager (Molecular Dynamics) or by autoradiography on X-ray 

films from Kodak. 
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DNA sequence analysis: The sequence was detennined by the dideoxy chain 
termination technique [Sanger et al., s.a.] usiftg the Sequenase Kit Version 1.0 
(United States Biochemical). Sequence analysis were done using the GCG sequence 
analysis software package (Version 8.0) by Genetics Computer, Inc. [Devereux et al., 
5 s.a.]. ; ' 

Gene amplificatioh in B. subtilis: To amplify the copy number of the SFCO in 
B. subtilis transformants, a single colony was inoculated in 15 ml VY-medium 
supplemented with 1:5 % glucose and 0.02 mg chloramphenicol or neomycin/ml, 
dependend cm the antibiotic resistance gene present in the amplifiable structure 
10 (see results and discussion), the next day 750 ml of flxis. culture were used to 
inoculate 13 ml. VY-medium containing 1.5% glucose supplemented with (60, 80, 
120 and 150 mg/ ml) for the cat resistant mutants, or 160 mg/ml and 180 mg/ml for 
the neomycin resistant mutants). The cultures were grown overnight and the next 

day 50 ml of different dilutions (1: 20, 1:400, 1: 8000, 1: 160'000) were plated on VY 
15 agar plates with the appropriate antibiotic concentration. Large single colonies 
were then further analyzed to determine the number of copies and the amount of 
carotenoids produced. 

Analysis of carotenoids: E. coli or B. subtilis transformants (200 - 400 ml) were 
grown for the times indicated in the text, usually 24 to 72 hours, in LB-medium or 
20 VY-medium, respectively, supplemented with antibiotics, in shake flasks at 37* C 
and 220 rpm. 

The carotenoids produced by the microorganisms were extracted with an 
adequate volume of acetone using a rotation homogenizer (Poly tron, Kinematica 
AG, C3i-Luzem). The homogenate was the filtered through tfie sintered glass of a 

25 suction filter into a round bottom flask. The filtrate was evaporated by means of a 
rotation evaporator at 50" C using a water-jet vacuum. For the zeaxanthin 
detection the residue was dissolved in n-hexane/acetone (86:14) before analysis 
wifli a normalphase HPLC as described in [Weber, S., s.a.]. For the detection of p- 
carotene and lycopene the evaporated extract was dissolved in n-hexane/acetone 

30 (99:1) and analysed by HPLC as described in Hengartner et al., s.a.]. 

Example 4 

Carotenoid production in E. coli 



The biochemical assignment of the gene products of the different open 
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reading frames (ORF's) of the carotenoid biosyntiiesis cluster of Flavobacteriutti 
sp. were revealed by analyzing the carotenoid acctimulation in E. coli host strains, 
transformed Vv'ith plasnuds carrying deletions of the Ftoobflcferiuni ^ gene 
cluster, and thus lacking some of the crt gene products. Similar functional assays 
in E. coli have been described by other audiors [Misawa et al., s.a.; Perry et al., J. 
Bacteriol., 168/ 607-612 (1986); Hundle, et al.. Molecular and General Genetics 254 
(4), 406-416 (1994)]. Three different plasmid pLyco, pBIIKS(+)-clone59-2 and pZea4 
were constructed from the three genomic isolates pBIIKS(+)-done2, pBIIKS(+)- 
clone59 and pBIIKS(+)-clone6a (see figure 16). 

Plasmid pBIIKS(+)-clone59-2 was obtained by subcloning the Hindlll/BamHI 
fragment of pBIIKS(+)-done 2 into the HindHI/BamHI sites of pBIIKS(+)-clone59. 
The resulting plasmid pBIIKS(+)-clone59-2 carries the complete ORF's of the crtE, 
crtB, crti and crtY gene and should lead to the production of p-carotene. pLyco was 
obtained by deleting the KpnI/Kpnl fragment, coding for approx. one half (N- 
terminus) of the crtY gene, from the plasmid pBIIKS(+)-done59-2. E. coli cells 
transformed with pLyco, and therefore having a truncated non-functional crtY 
gene, should produce lycopene, the precursor of p-carotene. pZea4 was constructed 
by ligation of the Ascl-Spel fragment of pBIIKS(+)^one59-2, containing the crtE, 
crtB, crtI and most of the crtY gene with the Ascl/Xbal fragment of clone 6a, 
containing the crtZ gene and sequences to complete the truncated crtY gene 
mentioned above. pZea4 has therefore all five ORF's of the zeaxanthin 
biosynthesis pathway. E, coli cells transformed with this latter plasmid should 
therefore produce zeaxanthin. For the detection of the carotenoid produced, 
transformants were grown for 43 hours in shake flasks and then subjected to 
carotenoid analysis as described in the methods section. Figure 16 summarizes the 
construction of the plasmids described above. 

As expected the pLyco carrying E. obli cells produced lycopene, those carrying 
pBIIKS(+)-clone59-2 produced p<arotene (all-E,9-Z,13-Z) and the cells having the 
pZea4 construct produced zeaxanthin. This confirms that we have cloned all the 
necessary genes of Flaoobacterium sp. R1534 for the synthesis of zeaxanthin or 
their precursors (phytoene, lycopene and p-carotene). The production levels 
obtained are shown in table 1. 



-37- 



plasmid 


host 


zeaxanthin 


P-xapoTEve 


lycopene 


pLyco 


E coli IM109 


ND 


ND 


0.05% 


pBIIKS(+)-clone59- 
2 


11 


ND 


0.03% 


ND 


pZea4 


n 


0.033% 


0.0009% 


ND 



Table 1: , . _ 

pBIIKS(+)-d[one59-2 and pZea4, after 43 hours of cxdture in shake flasks. 

The values indicated show the carotenoid content in % of the total dry cell 

mass (200 ml). ND = not detectable. 

5 Examples 5 

Carotenoid production inB. subtilis 

In a first approach to produce carotenoids in B. subtilis, we cloned the 
carotenoid biosynthesis genes of Flavdbacterium into the Gram (+)/ (-) shuttle 
vectors p602/22, a derivative of p602/20 [LeGrice, S.F.J., s.a.]. The assembling of the 

10 final construct p602-C ARVEG-E, begins with a triple ligation of fragments PyuII- 
Avrll of pZea4(del654-3028) and the Avrll-EcoRI fragment from plasmid 
pBIIKS(+)-clone6a, into the EcoRI and Seal sites of the vector p602/22. The plasmid 
pZea4(del654-3028) had been obtained by digesting pZea4 with Sad and Espl. The 
protruding and recessed ends were made blxmt with Klenow enzjnue and 

15 religated. Construct pZea4(del654-3028) lacks most of the sequence upstream of 
criE gene, which are riot needed for the carotenoid biosynthesiis. The plasmid p602- 
CAR has approx. 6.7 kb of genomic Flavobacterium R15M DNA containing besides 
all five carotenoid genes (approx. 4.9 kb), additional genomic DNA of 12 kb/ 
located upstream of ttie crtZ transition start site and furtlier 20^ 

20 upstream of crtE transcription start. The crtZ, crtY, crti and crtB genes were cloned 
downstream of the Pn25/0 promoter, a regulatable E. coh' bacteriophage T5 
promoter derivative, fused to a lac operator element, which is functional in B. 
subtilis [LeGrice, S.F.J., s.a.]. It is obvious fliat in the p602CAR construct, the 
distance of over 1200 bp between the Pn25/0 promoter and the transcription start 

25 site of crtZ is not optimal and will be improved at a later stage. An outline of the 
p602CAR construction is shown in figure 17. To ensure transcription of the crtE . 
gene in B. subtilis, the vegl promoter [Moran et al., MoL Gen. Genet. 186, 339-346 



(1982); UGrice et al., Mol. Gen. Genet. 20i 229-236 (1986)] was in^^ 
upstream of this gene, resulting in the plasmid construct p602-CARVEG-E. The 
vegl proinoter, which originates frohi sitel of the veg promoter complex described 
by [LeGrice et al., s-a.] has been shown to be functional in E. coli [Moran et al., s.a.]. 
5 To obtain this new construct, the plasmid p602CAR was digested with Sal! and 
HindHI, and the fragment containing the complete crtE gene and most of the crtB 
coding sequence, was subdoned into the Xhol and Hindlll sites of plasmid p205. 

The resulting plasmid p205CAR contains the crtE gene just downstream of the 
Pvegl promoter. To reconstitute the carotenoid gene cluster of Flavobacterium sp. 

10 The following three pieces were isolated: Pmel/Hindlll fragjment of p205CAR, the 
Hincn/Xbal fragment and the EcoRI/HindHI fragment of p602CAR and Ugated 
into the EcoRI and Xbal sites of pBluescriptIIKS(+), resulting in the construct 
pBIIKS(+)-CARVEG-E. Isolation of the EcoRI-Xbal fragment of this latter plasmid 
and ligation into the EcoRI arid Xbal sites of.p602/22 gives a plasmid similar to 

15 p602CAR but having the crtE gene driven by the Pvegl promoter. All the 

construction steps to get the plasmid p602CARVEG-E are outlined in figure 18. E. 
coK TGI cells transformed with this plasmid synthesized zeaxanthin. In contrast 
B. subtais strain 1012 transformed with the same constructs did not produce any 
carotenoids. Analysis of several zeaxanthin negative B. subtilis transformants 

20 always revealed, that the transformed plasmids had undergone severe deletions. 
This instability cotdd be due to the large size of the constructs. 

In order to obtain a stable construct in SMbfiKs, the carotenoid genes were 
cloned into the Gram (+)/(-) shuttle vector pHP13 constructed by [Haima et al., 
s.a.l. The staMity problems were thought to be omitted by 1) reducing the size of 
25 the cloned insert which carries the carotenoid genes and 2) reversing the 
orientation of the crtE gene and thus only requiring one promoter for the 
expression of all five genes, instead of two, like in the previous constructs. 

Furthermore, the abUity of cells transformed by such a plasmid carrying the 
synthetic FZflw&acteriMm carotenoid operon (SFCO), to produce carotenoids, 

30 would answer the question if ia modular approach is feasible. Figure 19 

summarizes all the construction steps and intermediate plasmids made to get the 
final construct pHP13-2FNZYIB-BINV. Briefly: To f aciUtate the following 
constructions, a vector pHP13-2 was made, by introducing a synthetic linker 
obtained with primer CSl (SEQ ID NO: 19) and CS2 (SEQ ID NO: 20), between the 

35 Hindm and EcoRI sites of the shuttle vector pHP13. The intermediate construct 
pHP13-2CARVEG-E was constructed by subcloning the AfUI-Xbal fragment of 
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p602CARVEG-E into the Aflll and Xbal sites of pHP13-2. The next step consisted in 
the inversion of crtE gene, by removing Xbal and Avrll fragment containing the 
original criE gene and replacing it Vviiii tlie Xbal-Avrll fragment of piasmid 
pBIIKS(+)-PCRRBScrtE. The resulting piasmid was named pHP13-2CAKZYIB- 

5 EINV and represented the first construction v^rith a functional SFCO. The 

intermediate construct pBnKS(+)-PCRRBScrtE mentioned above, was obtained by 
digesting the PGR product generated with primers #100 (SEQ ID NO: 7) and #1Q1 
(SEQ ID NO: 8) with Spel and Smal and ligating into the Spel and Smal sites of 
pBluescriptIIKS(+). In order to get the crtZ transcription start dose to the promoter 

10 P^f25/d a triple ligation was done with the BamHI-Sall fragment of pHP13- 

2CARZYIB-BINV (contaiiis fom of the five carotenoid genes), the BainHI-EcoRI 
fragment of the same piasmid containing the Pn25/0 promoter and the EcoRI-^all 
fragment of pBnKS(+)-PCRRBScrtZ, having most of the crtZ gene preceded by a 
synthetic RBS. The aforementioned piasmid pBIISK(+)-PCRRBScrtZ was obtained 

15 by digesting the PGR product amplified with primers #104 (SEQ ID NO: 9) and 
#105 (SEQ ID NO: 10) witii EcoRI and Sail and ligating into the EcoRI and Sail sites 
of pBluescriptIISK(+). In the resulting vector pHP13-2PN25ZYIB-EINV, the SFCO is 
driven by the bacteriophage T5 promoter Pn25/0/ which shotild be constifutivdy 
expressed, due to the absence of a functional lac repressor in the coi\stcuct [Peschke 

20 and Beuk, J. Mol. Biol. 186, 547-555 (1985)1. E. coli TGI cells transformed with this 
construct produced zeaxantfun. Neverttidess, when this piasmid was transformed 
into B. subtUis, no carotenoid production cotild be detected. Analysis of liie 
plasmids of these transformants showed severe ddetions, pointing towards 
instability problems, similar to the observations made with the aforementioned 

25 plasmids. 

Examples 6 

Chromosome Integration Constructs 

Due to the instability observed with the previous constructs we decided to 
integrate the carotenoid biosynthesis genes of Fhwobacterium sp. into the genome 

30 of B. subtilis using the inte^ation/ expression vector pXI12. This vector allows the 
constitutive expression of whole operons after integration into the levan-sucrase 
gene (sacB) of the B. subtUis genome. The constitutive expression is driven by the 
vegl promoter and results in medium levd expression. The piasmid pXI12-ZYIB- 
EINV4 containing the synthetic FUroobacterium carotenoid operon (SFCO) was 

35 constructed as follows: the Ndel-Hindl fragment of pBIISK(+)-PCRRBScrtZ was 
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cloned into the Ndel and Smal sites of pXI12 and the resxilting plasmid was 
named pXI12-PCRcrtZ. In the next step, the BstEH-Pmel fragment of pHP13- 
2PN25ZYIB-EIN\^ v/as iigated to the BstEII-Pmel fragment of pXI12-PCRcrtZ (see 
figure 20). B. subtilis transformed with the resulting construct pXI12-ZYIB-EINV4 

: 5 can integrate the CAR genes either via a Campbell type reaction or via a reciprocal 
recombination. One transf ormant, BS1012::ZYIB-EINV4, having a reciprocal 
recombination of the carotenoid biosynthesis genes into the levan-sucrase gene 
was further analyzed (figuxe 21). Although this strain did not synthesize 
carotenoids, RN A analysis by Norfhem blots showed the presence of specific 

10 polycistrohic mRNA's of 5.4 kb and 4.2 kb when hybridized to probe A (see figure 
21, panel B). Whereas the liarger mRNA has the expected message size, the origin 
of the shorter mRNA was xmclear. Hybridization of the same Northern blot to 
probe B only detected the large mRNA fragment, pointing towards a premature 
termination of ttie transcription at the end of the crtB gene. The presence of a 

15 termination signal at this location would make sense, since in the original operon 
organisation in the Flavobaderium sp. R1534 genome, the crtE and the crtB genes 
are facing each other. With this constellation a transcription termination signal at 
the 5' end of crtB would make sense, in order to avoid the synthesis of anti-sense 
RNA which could interfere with the mRNA transcript of the crtE gene. Since this 

20 region has been changed considerably with respect to the wild type situation, the 
sequences constituting this terminator may also have been altered resulting in a 
"leaky" terminator. Western blot analysis using antisera against the different crt 
enz)niies of tiie carotenoid pathway, pointed towards the possibility that flie 
ribosomal binding sites might be responsible for the lack of carotenoid sjmthesis. 

25 Out of tiie five geiies introduced only the product of crtZ, the p-carotene 
hydroxylase was detectable. This is the only gene preceded by a RBS site, 
originating from the pXI12 vector, known to be functioiuil in B. subtilis. Base 
pairing interactions between a mRNA's Shine-Dalgamo sequence [Shine and 
Delagamo, s. a.] and the 16S rRNA, which permits the ribosome to select the 

30 proper initiation site, have been proposed by [McLaughlin et al., J. Biol. Chem. 
256,11283-11291 (1981)] to be much more stable in Gram-positive organisms (B. 
subtilis) than in Gram-negative organisms (E. co/z). In order to obtain highly stable 
complexes we exchanged the RBS sites of the Gram-negative Flavobacterium sp., 
preceding each of the genes crtY, crti, crtB and crtE, with synthetic RBS's which 

35 were designed complementary to the 3' end of the B, subtilis 168 rRNA (see table 
2). This exchange should allow an effective translation initiation of tiie different 
carotenoid genes in B. subtilis. The strategy chosen to construct this pXI12-ZYIB- 
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EI>W4MIJTRBS2C, containing all four altered sites is summarized in figure 20. In 
order to facilitate the further cloning steps in pBluescriptnKS(+), additional 
restricnon sues were introciU(.cu uoing uie uau^-ej. ^^^.w. *v*-_i./ a — 

MUT8, cloned between the Sail and Hindlll sites of said vector. The new resulting 
construct pBIIKS(+)-LINKER78 had the following restriction sites introduced: 
Avrll, Pmll, Mull, Muni, BamHI and Sphl. The general approach chosen to create 
tiie synthetic RBS's upstream of the different carotenoid genes, was done using a 
combination of PGR based miitagenesis, where the genes were reconstructed using 
defined primers carrying the modified RBS sites, or using synthetic linkers having 
such sequences. Reconstitution of the RBS preceding the crti and crtB genes was 
done by amplifying the crtI gene with the primers MUT2 (SEQ ID NO: 12) and 
MUT6 (SEQ ID NO: 15), which indude the appropriate altered RBS sites. The PCR-I 
fragment obtained was digested with MunI and BamHI and Ugated into the MunI 
and BamHI sites of pBIIKS(+)-LINKER78. The resulting intermediate construct was 
nMned pBIIKS(+)-LINKER78PCRI. Reconstitution of the RBS preceding the crtB 
gene was done using a small PGR fragment obtained with primer MUT3 (SEQ ID 
NO: 13), carrying the altered RBS site upstream of crtB, and primer CAR17 (SEQ ID 
NO: 16). The amplified PCR-F fragment was diges1;ed with BamHI and HindHI and 
sub cloned into the BamHI and HindHI sites of pBIIKS(+)-LINKER78, resulting in 
the construct pBnKS(+)-LINKER78PCRF. The PCR-I fragment was cut out of 
pBIIKS(+)-UNKER78PCRI with BamHI and Sapl and ligated into the BamHI and 
Sapl sites of pBnKS(+)-LINKER78PCRF. The resulting plasmid pBIIKS(+)- 
LINKER78PCRFI has the PCR-I fragment fused to the PCR-F fralginent. This 
construct was cut with SaU and PmU and a synthetic linker obtained by annealing 
of primer MUT9 (SEQ ID NO: 23) and MUTIO (SEQ ID Na 24) was introduced. 
This latter step was done to f adUtate the upcoming replacement of the original 
FUwobacterium RBS in the above mentioned construct. The resulting plasmid 
was named pBnKS(+)-UNKER78PCRFIA. Assembling of the synthetic RBS's 
preceding the crtY and crtI genes was done by PGR, using primers MUTl (SEQ ID 
NO: 11) and MUT5 (SEQ ID NO: 14). The amplified fragment PCR-G was made 
blunt end before cloning into the Smal site of pUG18, resulting m constiruct pUa8- 
PCR-G. The next step was the cloning of the PCR-G fragment between the PCR-A 
and PCR-I fragments. For this purpose the PCR-G was isolated from pUG18-PGR-G 
by digesting with MunI and PmH and Ugated into the MunI and PmU sites of 
pBIIKS(+)-lINKER78PCMFI A. This constiruct contams all four fragments, PCR-F, 
PCR-I, PCR-G and PCR-A, assembled adjacent to each other and containing three of 
the four artificial RBS sites (crtY, crtI and crtB). The exchange of the FUwobacterium 
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RBS's preceding the genes crtY, crti and crtB by synthetic ones, was done by 
replacing the HindlH-SaU fragment of plasmid pXI12-ZYIB-EINV4 widi the 
Hindin-SaU fra^ent of plasmid pBIIKS(+)-LINKER78PCRnGA. 'nie resulting 
plasmid pXI12-ZYIB-EINV4 MUTRBSC was subsequently transformed into E. coli 
TGI cells and B. subtilis 1012. The production of zeaxanthin by these cells confirmed 
that idle PGR amplified genes where functional. The B. subtilis strain obtained was 
named BS1012::SFCOl. The last FUwobactenum RES to be exchanged was the one 
preceding the crtE gene. This was done using a linker obtained using primer 
MUni (SEQ ID NO: 25) and MUT12 (SEQ ID NO: 26). The wild type RBS was 
removed from pXI12'-ZYIB-ElNV4MUTRBS with Ndel and Spel and the above 
mentioned linker was inserted. In the construct pXri2-ZYIB-EINV4MUTRBS2C aU 
HoooZjacfmum RBS's have been replaced by synthetic RBS's of the consensus 
sequence AAAGGAGG- 7-8 N -ATG (see table 2). E. coli TGI cells transformed with 
this constinict showed that also this last RBS replacement had not interf erred 





Table2 


mRNA 


nucleotide seauence 


crtZ(SEQIDNQ:48) 


AAAGGAGGGUUUCAUAUGAGC 


crtY(SEQIDNO:49) 


AAAGGAGGACACGUGAUGAGC 


crtI(SEQIDNO:50) 


AAAGGAGGCAAUUGAGAUGAGU 


crtB(SEQIDN6:51) 


AAAGGAGGAUCCAAUC^UGACC 


crtE(SEQIDNa52) 


AAAGGAGGGUUUCUUAUGACG 


B. subtilis 


16S rRN A (SEQ ID NO: 53) 3'-UCUUUCCUCCACUAG 


Rcoli 


16S rRNA (SEQ ID NO: 54) 3'- AUUCCUCCACUAG 


Table 2: Nucleotide sequences of the synthetic ribosome binding 



sites in the constructs pXI12-ZYIB-EINV4MUTRBS2C, 
pXI12-ZYIB-EINV4MUTRBS2CCAT and pXI12-ZYIB- 
EINV4 MUTRBS2CNEO. Nucleotides of the Shine- 



Dalgamo sequence preceding the individual carotenoid 
genes which are complementary to tiie 3' ends of the 16S 
rRNA of B. subtilis are shown in bold. The 3' ends of die 16S 
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rRNA of E. coZi is also shown as comparison. The 
underlined AUG is the translation start site of the 
irientioned gene. - 

with the ability to produce zeaxanthin. All the regions containing the newly 
introduced synthetic RBS's were confirmed by sequencing. B. sMlis cells were 
transformed with plasinid pXI12-ZYIB-HNV4MimiBS2 and one tiansforniant 
having integrated the SFCO by reciprocal recombination, into the levan-sucrase 
gene of the chromosoihe> was selected. This strain was named BS1012::SFCO2. 
Analysis of tiie carotenoid production of this strain show tiiat the amounts 
zeaxanthiii produced is approx. 40% of tiie zeaxanthin produced by E. coli cells 
transformed with the plasmid used to get the B. subtilis transf ormant. Similar was 
tiie observation when comparing tiie BS1012::SFCOl strain with its E. coli counter 
part (30%). Although the E. coli cells have 18 times more carotenoid genes, the 
carotenoid production is only a factor of 2-3 times higher. More drastic was tiie 
difference observed in the carotenoid contents, between E. coli cells carrying the 
pZea4 construct in about 200 copies and tiae E. coli carrying \he plasmid pXI12- 
2r^B-EIhrV4MUTRBS2C in 18 copies. The first transformant produced 48x more 
zeaxanthin than the latter one. This difference seen can not only be atbibuted to 
the roughly 11 times more carotenoid biosynthesis genes present in these 
transformants. Contiibuting to tiiis difference is probably also the suboptimal 
performance of the newly constructed SFCO, in which the overlapping genes of 
tfie wild type Fte;ol;acieri«m operon were separated to introduce the synthetic 
RBS's. This could have resulted in a lower translation efficiency of tiie rebuild 
synthetic operon (e.g. due to eliminatiori of putative translational coupling effects, 
present in the wild type operon). 

In order to increase tiie carotenoid production, two new constructs were 
made, pXI12-ZYIB-EINV4MUTRBS2CNEO and pXI12-ZYIB-EINV4 
MUTRBS2CCAT, which after tiie integration of the SFCO into the levan-sucrase 
site of the chromosome, generate strains with an amplifiable structure as described 
by [Janniere et al.. Gene 40, 47-55 (1985)]. Plasmid pXI12-ZYIB- 
EINV4MUTRBS2CNEO has been deposited on May 25, 1995 at tiie DSM-Deutsche 
Sammlung von Mikroorganismen tmd Zellkulhuren GmbH (Germany) under 
accession No. DSM 10013. Such amplifiable structures, 

when linked to a resistance marker (e.g chloramphenicol, neomycin, tetracycline), 
can be amplified to 20-50 copies per chromosome. The amplifiable structure 
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consist of the SFCO, ttie resistance gene and the pXI12 sequence, flanked by direct 
repeats of the sac-B 3' gene (see figure 22). New strains having elevated numbers 
of the SFCO tould now be obtained by selecting for tran^f ormants with increased . 
level of resistance to the antibiotic. To construct plasmid pXI12-ZYIB- 
5 EIhA^4MUTRBS2CNEO, the neomycin resistance gene was isolated from plasmid 
pBESTSOl with PstI and Smal and subcloned into the PstI and EcoO1091 sites of the 
pUC18 vector. The resulting construct was named pUCl8-Neo. To get the final 
construct, the Pmel - Aatn fragment of plasmid pXI12-ZYIB.EI>r^ 
was replaced with the Srnal-Aatll fragmeiit of pUC18-Neo, contaiiiing t^^ 

10 neomycin resistance gene. Plasmid pX[12-ZYIB-EINV4MUTRBS2CCAT was 

obtained as follows: tihe chloramphenicol resistance gene of pC194 was isolated by 

* PGR using the primer pair catS (SEQ ID NO: 17) and cat4 (SEQ ID NO: 18). The 
fragment was digested witii EcoRI and Aafll and subcloned into the EcoRI and 
Aatll sites of pUClB, The resulting plasmid was named pUC18-CAT. The final 

15 vector was obtained by replacing the Pmel-Aatll fragment of pXI12-ZYIB- 
EINV4MIJTRBS2C with the EcoRI-Aatn fragment of pUa 

chloramphenicol resistance gene. Figure 23 summarizes the different steps to obtain 
aforementioned constructs. Both plasmids were transformed into B. subtilis strain 
1012, and transformants resulting from a Campbell-type integration were selected, 

20 Two strains BS1012::SFCONEOl and BS1012::SFCOCAT1 were chosen for further 
amplification. Individual colonies of both strains were independentiy amplified 
by growing them in different concentrations of antibiotics as described in the 
methods section. For the cat gene carrying strain, the chloramphenicol 
concentrations were 60, 80, 120 and 150 mg/ml. For the neo gene carrying strain, 

25 ttie neomycin concentratioiis were 160 and 180 mg/ml, In both strains only strains 
with minor amplifications of the H^CO's were obtained. In daughter strains 
generated from strain BS1012::SFCONEOl, the resistance to higher neomycin 
concentrations correlated with the increase in the ntunber of SFCO's in the 
chromosome and with higher levels of carotenoids produced by these cells. A 

30 different result was obtained with daughter strains obtained from strain 
BS1012::SFCOCAT1. In these strains an increase up to 150 mg 
chloramphenicol/inl resulted, as expected, in a higher number of SFCO copies in 
the chromosome. 
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Example 7 

Construction of CrtW containing plasmids and use for carotenoid production 

Polymerase cftflin reaction feosed gene synthesis. The nucleotide sequence of 
tiie artificial crtW gene, encoding the p-carotene p-4-oxygenase of Alcaligenes 
5 strain PC-1, was obtained by back translating the amino acid sequence outlined in 
[Misawa, 1995], using the BackTranslate program of the GCG Wisconsin Sequence 
Analysis Package, Version 8.0 (Genetics Computer Group, Madison, WI, USA) and 
a codon frequency reference table of E. coK (supplied by the Bach Translate 
Program). The synthetic gene consisting of 726 nucleotides was constructed 
LO basically according to the method described by [Ye, 1992] . The sequence of the 12 
oligonucleotides (crtWl - crtW12) required for the ^thesis are shown in Figure 
25 (SEQ ID. NO: 28). Briefly, the long oligonucleotides were designed to have short 
overlaps of 15-20 bases, serving as primers for tiie ©(tension of the oligonucleotides. 
After four cycles a few copies of the full lengtti gene should be present which is 
15 then amplified by the two tCTirdnal oligonucleotides crtW15 (SEQ ID NQ: 55) and 
crtW26. The sequences for these two short oligonucleotides are for the forward 
primer crtW15 (q'-TATATCTAGAca tatgTCCGGTCGTAAA CCGG- 3') and for the 
reverse primer crtW26 (SEQ ID NO: 56) (5'-TATAgaattccac^gTCA AGCACGA 
CCACCGGTTTTAC G- 3"), where the sequences matching the DNA templates are 
20 imderlined. Small cap letters show the introduced restriction sites {Ndel for the 
forward primer and EcoRI and PmZI for tiie reverse primer) for the latter cloning 
into the pALTER-Ex2 expression vector. 

Po/ymerflse cMn reaction. AU twdve long oligonucleotides (crtWl-bi:W12; 
7 nM each) and both terminal primers (crtW15 and crtW26; 0.1 mM each) were 

25 mbced and added to a PGR reaction mix containing Expand™ High Fidelity 

polymerase (Boehringer, Mannheim) (3.5 units) and dNTP's (100 mM each). The 
PGR reaction was run for 30 cycles with the following profile: 94 "C for 1 nan, 50 **C 
for 2 min and 72 °C for 3 min. The PGR reaction was separated on a 1 % agarose gel, 
and the band of approx. 700 bp was excised and purified using tfie glass beads 

30 method (Genedean Kit, BiolOl, Vista, CA, USA). The firagment was subsequently 
doned into the Snwl site of plasmid pUC18, using the Sure-Qone Kit (Phaimacia, 
Uppsala, Sweden). The sequence of the resulting crtW synthetic gene was verified 
by sequencing with the Sequenase Kit Version 1.0 (United States Biochemical, 
Qeveland, OH, USA). The crtW gene constructed by this method was found to 

35 contain minor errors, which were subsequently corrected by site-directed 
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mutag^esis. 

Construction ofplasmids, Plasmid pBIIKS(+)-CARVEG-E (see also Example 
5) (Figvire 26) contains the carotenoid biosynthesis genes (crtE, crtB, crtY, crti and 
crtZ) of tiie Gram (-) bacterium FUwabacterium sp. strain R1534 WT (ATCC 21588) 
5 pasampntes, 1995 #732] cloned into a modified pBluescript II KS(+) vector 
(Stratagene, La JoUa, USA) carrying site I of the B. subtilis yeg promoter [LeGrice, 
1986 #8P6]. This constitutive promoter has been shown to be functional in E. coli. 
Transformants of E. cbK strain TGl carrying plasmid pBnKS(+)-CARVEG-E 
synthesise zeaxanthin. Plasmid pALTER-Ex2-crtW was constructed by cloning tlie 
10 Ndel - EcoRL restricted fragment of the synthetic crtW gene into the corresponding 
sites of plasmid p ALTER-Ex2 (Promega, Madison, WI). Plasmid pALTER-Ex2 is a 
low copy plasmid with the pl5a origin of replication, which allows it to be , 
maintained with ColEl vectors in the same host. Plasmid pBIIKS-crtEBIYZW 
(Figure 26) was obtained by cloning the Hindlll-Pm/I fragment of p ALTER-Ex2- 
15 crtW into the Hinilll and the blimt end made MZuI site obtained by a fill in 

reaction with Klenow enzyme, as described elsewhere in [Sambrook, 1989 #505]. 
Inactivation of the crtZ gene was done by deleting a 285 bp Nsil-Nsa fragment, 
followed by a fill in reaction and religation, resulting m plasmid pBIKS- 
crtEBIYpZJW. Plasmid pBIIKS-crtEBIYP2:W] carrying the non-functional genes 
20 crtW and crtZ, was constructed by digesting the plasmid pBnKS-crtEBIYpZ]W 
wiih Ndel and Hpdi, and subsequent self religation of the plasmid after filling in 
the sites with Klenow enzyme. E. coli transformed v^th this plasmid had a yellow- 
orange colour due to the accumulation of p-carotene. Plasmid pBIIKS- 
crtEBIYZpyV] has a tnmcated crtW gene obtained by deleting tite Ndel - Hpal 
25 fragment in plasihid pBAKS-crtEBIYZW as outlined above. Plasmids p ALTER- 
Ex2-crtEBIYpZWl and p ALTER-Ex2-crtEBIYZpWl, were obtained by isolating 
the BamHI-Xbal fragment firom pBIIKS-criEBIYpZW] and pBHKS-crtEBIYZpW], 
respectively and clorung them mto the BcmHI and Xftol sites of p ALTER-Ex2. The 
plasmid pBHKS-crtW was constiructed by digesting pBHlsS-crtEBIYZW witii Nsil 
30 and Sacl, and sdf-religating tiie filasmid after recessing tiie DNA overhangs wifli 
Klenow enzyme. Figure 27 compiles tiie relevant inserts of all the plasmids used 
in this paper. 

Gzrofenoii anaZysis. E. coK TG-1 transformants carrying the different plasmid 
constructs were grown for 20 hours in Lviria-Broth medium supplemented with 
35 antibiotics (ampiciUin 100 mg/ml, tetiracycUn 12.5 mg/ml) in shake flasks at 37**C 
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and 220 rpm. Carotenoids were extracted from the cells wifli acetone. The acetone 
was removed in vacuo and the residue was re dissolved in toluene. Hie coloured 
solutions were subjected to high-performance liquid chromatography (HPLC) 
analysis which, was performed on a Hewlett-Packard series 1050 instrument. The 

5 carotenoids were separated on a silica column Nucleosil Si - 100, 200 x 4 mm, 3m. 
The solvent system included two solvents: hexane (A) and hexane/THF , 1:1 (B). 
A linear gradient was applied running from 13 to 50 % (B) within 15 minutes. The 
flow rate was 1.5 ml/min. Peaks were detected at 450 nm by a photo diode array 
detector. The individual carotenoid pigments were identified by their absorption 

10 specfra and typical retention times as compared to reference samples of chemically 
pure carotenoids, prepared by chemical synthesis arui characterised by NMR, MS 
and UV-Spectra. HPLC analysis of the pigments isolated from E. coK cells 
transformed with plasmid pBHKS-crtEBIYZW, carrying besides the carotenoid 
biosynthesis genes of Eavobacterium sp. strain R1534, also the crtW gene 

15 encoding the p-carotene ketolase of Alcdigenes PC-1 [K/fisawa, 1995 #670] gave the 
following major peaks identified as: b-cryptoxanthiiv astaxanthin, adonixanthin 
and zeaxanthin^ based on tihe retention timies and on the comparison of the 
absorbance spectra to given reference samples of chemically pure carotenoids. The 
relative amount (area percent) of the accumulated pigment in the E. coli 

20 transformant carrying pBIDCS-crtEBIYZW is shown in Table 3 ["CRX": 

cryptoxanthiiv "ASX": astaxanthin; "ADX": adonixanthin; "ZXN": zeaxanthin; 
"ECM": echinenone; "MECH": 3-hydroxyechinenone, "CXN": canthaxanthin]. The 
2 of the peak areas of all identified carotenoids was defined as 100%. Numbers 
shown in Table 3 represent the average value of four independent cultures for 

25 each transformant. In contrast to the aforementioned results, E. coli transformants 
carrying the same genes but on two plasmids namely, pBIIKS-crtEBrYZlDW] and 
pALTER-Ex2-crtW, showed a drastical drop in adoiuxanthin and a complete lack 
of astaxanthin pigments (Table 3), whereas the relative amount of zeaxanthin (%) 
had increased. Echinenone, hydroxyechinenone and canthaxanthin levels 

30 remained unchanged compared to the transformants carrying all the art genes on 
the same plasinid (pBIIKSK3iEBIYZDW). Plasmid pBIIKS-crtEBn'Z[DW] i^ 
copy plasmid carrying the functional genes of crtE, crtB, crtY, crtl, crtZ of 
Flavobdcterium sp. strain R1534 and a tnmcated, non-functional version of the 
crtW gene, whereas the functional copy of ihe crtW gene is located on the low 

35 copy plasmid p ALTER-Ex2-crtW. To analyze the effect of overexpression of the 
crtW gene with respect to the crtZ gene, E. coli cells were co-transformed with 
plasmid pBUKS-crtW carrying the crtW gene on the high copy plasmid pBIIKS- ' 
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crtW and the low copy construct p ALTER-Ex2-crtEBIYZpW], encoding the 
Fhwobacterium crt genes. Pigment analysis of these transformants by HPLC 
monitored tiie presence of p-carotene, cryptoxanthin, astaxanthin, adoruxanthin, 
zeaxanthin, 3-hydroxyechine-none and minute traces of echinenone and 
cantiiaxanfhin (Table 3). 

Transformants harbouring the crtW gene on the low copy plasmid p ALTER- 
Ex2-crtW and tiie genes crfE, crtB, crtY and crti on the high copy plasmid pBIIKS- 
crtEBIY[DZW] expressed only minor amoimts of canthaxanthin (6 %) but high 
levels of echinenone (94%), whereas cells carrying the crtW gene on the high copy 
plasmid pBIIKS-crtW and the olher crt genes on the low copy consixuct pALTER- 
Ex2-crfEBIY[DZW], had % iand 21.4 % of echinenone and cantiiaxahttun, 
respectively (Table 3). 

Tables 



plasmids 


CRX 


ASX 


ADX 


ZXN 


ECH 


HECH 


CXN 














pBIIKS-crtEBIYZW 


11 


M 


44.2 


52A 


<x 


<1 


<1 






pBIIKS-crtEBIYZrWl+ 
pALTER-Ex2-crtW 


22 




25.4 


72.4 


<1 


<1 


<1 


pBIIKS-crtEBIYrZlW 










66.5 




33.5 


pBIIKS-crtEBIYrZWl+ oBIIKS- 










94 




6 


crtW 



Example 8 

Selective carotenoid production bv using the crtW and crtZ genes of the 
Gram negative bacterium E-396, 

In this section we describe E. coli transformants which accumulate only one 
(canthaxanthin) or two main carotenoids (astaxanthin, adonixanthin) and minor 
amounts of adonirubin, rather than the complex variety of carotenoids seen in most 
carotenoid producing bacteria [Yokoyama et al., Biosci Biotechnol. Biochem, 
58:1842-1844 (1994)] and some of the E. coli transformants shown in Table 3. The 
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ability to construct strains producing only one carotendid is a inajor step towards a 
successful biotechnological carotenoid production process. This increase in the 
acaamtilation of individual carotenoids accompanied by a decrease of the ' 
intermediates, was obtained by replacing the crtZ of Flavobacterium R1534 and/ or 
5 the synthetic ai:W gene (see example 5) by their homologous genes originating 
from the astaxanthin producing Gram negative bacteriimi E-396 (PERM BP-4283) 
[Tsubokura et al., EP-application 0 635 576 AIJ. Both genes, crtWE396 and crtZE396, 

were isolated and used to construct new plasmids as outlined below. 

IsoktbnofaputaHvefragmmtofihecrtWgeneofs^^ 
10 pohflnerase chain reaction. Based on protein sequence comparison of the crtW 
enzjrmes ofAgrobacterium aurantiacum, Alcaligenes PC-1 (W095/ 18220) [Misawa 
et al,, J.Bacteriol. 177: 6575-6584 (1995)] and Haematococcus pluvialis [Kajiwara et 
al.. Plant Mol. Biol 29:343-352 (1995)][Lotan et al., FEBS letters, 364:125-128 (1995)], 
two regions named I and II, having high amino acid conservation and located 
15 approx/140 amino acids appart, were identified and chosen to design the 

degenerate PGR primers .shown below. The N-terminal peptide HDAMHG (region 
I) was used to design tfie two 17-mer degenerate prrnier sequences crtWlOO (SEQ 
ID NO: 57) and crtWlOl (SEQ ID NO: 58): 

crtWlOO (SEQ ID NO: 57): 5'-GA(C/T)GA(G/T)GG(A/G)ATGGA(G/T)GG-3' 

20 crtWlOl (SEQ ID NO: 58): 5'-GA(G/T)GA(G/T)GG(G/T)ATGGA(G/T)GG-3' 

The C-terminal peptide H(W/H)EHH(R/L) corresponding to region II was 
tised design the two 17-mer degenerate primer with the ahtisense sequences 
crtW105 (SEQ ID NO: 59) and crtW106 (SEQ ID NO: 60): 

crtW105 (SEQ ID NO: 59): 5'-AG(G/A)TG(G/ A)TG(T/G)TG(G/ A)TG(G/ A)TG.3' 

25 crtW106 (SEQ ID NO: 60): 5'-AG(G/ A)TG(G/A)TG(T/G)TGGGA(G/ A)TG-3' 

Polymerase chain reaction. PGR was performed using the GeneAmp Kit 
(Perkin Ehner Getus) according to the iMnufacturer's instructions. The different 
PGR reactions contained combinations of ttie degenerate primers 
(crtWlOO/crtWlOS or crtW100/crtW106 or crtW101/crtW105 or crtW101/crtW106) 
30 at a final concentration of 50 pM each, together with genomic DNA of the bacterium 
E-396 (200 ng) and 2.5 units of Taq polymerase. In total 35 cycles of PGR 
were performed with the following cycle profile: 95 °G for 30 sec, 55 ^'G for 30 sec, 72 
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°C for 30 sec, PGR reactions made with the following primer combinations 
crtWlOp/crtWlOS and crtWlOl/crtWlOS gave PGR amplification products of 
approx. 500 bp which were in accordance with the expected fragment size. The 500 
bp fragment, JAPcloneS, obtained in the PGR reaction using primers crtWlOl (SEQ 
5 ID NO: 58) and crtW105 (SEQ ID NO: 59) was excised from an 1.5% agarose gel and 
purified using the GENEGLEAN BCit and subsequently cloned into the Smal site of 
pUGlS using the Suu-e-Qone Kit, according to the manufacturer's instructions. The 
resulting plasmid was named pUG18-J APcloneS and the insert was sequenced. 
Gomparison of titie determined sequence to the crtW gene of Agrobacterium 
10 aurantiacum (GenBank accession n° D58420) published by Misawa et ah in 1995 

(WO95/18220) showed 96% identity at the nucleotide sequence level, indicating that 
both orgarusms might be closely related. 

Isolation of the art cluster of the strain E- 396. Genomic DNA of E-396 was 
digested overnight with different combinations of restrictions enzymes and 

15 separated by agarose gel electrophoresis before transferring the resulting fragments 
by Southem blotting onto a nitrocellulose membrane. The blot was hybridised 
with a ^ labelled 334 bp fragment obtained by digesting the aforementioned PGR 
fragment J APcloneS with BssHII and MwL An approx, 9,4kb EcdBl/ BamHI 
fragment hybridizing to the probe was identified as the most appropiate for 

20 cloning since it is long enough to potentially carry iiie complete art clxister. The 
fragment was isolated and doned into the EcalU and BflrnHI 
pBluescriptUKS resulting in plasmid pJAPp344 (Fig. 29). Based on the sequence of 
the PGR fragment J APcloneS, two primers were synthesized to obtain more 
sequence information left and right hand of this fragment. Fig. 30 shows the 

'25 sequence obtained containing the crtWE396 (from nucleotide 40 to 76S) and 

crtZE396 (SEQ ID NO: 33) (from nucleotide 765 to 1253) genes of the bacterium E- 
396. The nucleotide sequence of the crtWE396 (SEQ ID NO: 30) gene is shown in 

Fig. 31 (SEQ ID NO: 31) and the encoded amino acid sequence in Fig. 32 (SEQ ID 
NO: 32). The nucleotide sequence of the crtZE396 gene is shown in Fig. 33 (SEQ ID 

30 NO: 33) and the corresponding amino acid sequence in Fig. 34 (SEQ ID NO: 34). 
Comparison to the crtWE396 gene of E-396 to the crtW gene of A. aurantiaaim 

showed 97 % identity at the nucleotide level and 99 % identity at the amino acid 
level. For the crtZ gene the values were 98 % and 99 %, respectively. 

Construction ofplasmids: Both genes, crtWE396 and crtZE396/ which are 
35 adjacent in the genome of E-396, were isolated by PGR using primer crtWlOZ and 
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crtWlOS and the ExpandTM High Fidelity PGR system of Boehringer Mannheim, 
according to the manufacturer's recommendations. To facilitate the subsequent 
cloning steps (see section below) the priiher crti07 (SEQ ID NO: 61) (5'- 
ATCATATGAGCGCACATGCCCTGCCGAAGGC-3') contains an artificial Ndel site 
5 (underlined sequence) spanning the ATG start codon of the crtWE396 gene and 
the reverse primer crtWlOS (SEQ ID NO: 62) (S'-ATCr^AGTCACGTGCGC 
TCCTGCGCCTCGGCC-3') has an Xtol site (underlined sequence) just downstream 
of the TGA stop codon of the crtZE396 gene. The final PGR reaction mix ha:d 10 pM 
of each primer, 2.5 mg genomic DNA of the bacterium E-396 and 3.5 tmits of the 
10 TaqDNA/Pwo DNA polymerase mix. In total 35 cycles were performed with the 
foUowing cyde profile: 95 "C, 1 nun; 60 "C, 1 min; 72 "C Imin 30 sec. The PGR 
product of approx. 1250bp was isolated from the 1% agarose gel and purified using 
GENEGLEAN before ligation into flie Smal site pUG18 using the Sure-Qone Kit. The 
resulting construct was named pUC18-E396crtWZPGR (Fig. 35). The functionality of 
15 both genes was tested as follows. The crtWE396 and crtZE396 gene were isolated 
from plasnuid pUC18-E396crtWZPGR with Ndel and Xhol and cloned into the Ndel 
and Sflfl site of plasmid pBHKS-crtEBIYZW resulting in plasmid pBIIKS- 
crtEBIY[E396WZ] (Fig. 36). E, coH TGI cells transformed with this plasmid 
produced astaxanthin, adonixanthin and adonirubin but no zeaxanthin (Table 4). 

20 Hasmid pBIIKS-crtEBIY[E396WlDZ has a truncated norv-functional crtZ gene. 

Fig. 37 outlines the construction of this plasmid. The PGR reaction was run as 
outlined elsewhere in the text using primers crtWllS (SEQ ID NO: 63)/crtW114 (SEQ 
ID NO: 64) and 200 ng of plasmid pUG18-JAPclone8 as template using 20 cycles with 
tiie foUowing protocol: 95 "C, 45 sec/ 62 °G, 20 sec/ 72 "G, 20 sec) 

25 primercrtW113(SEQIDNO:63) 

(5'-ATATAGATATGGTGTGCGGCTTGGTGGGGGTGG-3') 

primer crtW114 (SEQ ID NO: 64) 

(5'-TATGGATGGGAGGGGTrGGGGGAGGGGGAGAATGG-3') 

The resulting 150 bp fragment was digested with BamHl and Ndel and cloned 
30 into the corresponding sites of pBIISK(+)-PCRRBScrtZ resulting in the construct 
pBnSK(+)-PGRRBScrtZ-2.The final plasmid carrying the genes crtE, crtB, crti, crtY 
of FUwobacterium, the crfWE39d gene of E-396 and a tinmcated non-functional 
crtZ gene of FUwobacterium was obtained by isolating tiie Mlul/Nrul fragment 
(280 bp) of pBIISK(+)-PGRRBScrtZ-2 and cloning it, into the MZuI/Pm/I sites of 
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plasmid pBIIKS-crtEBIY[E396WZ]. £. coli cells transformed with this plasmid 
produced 100% canthaxanthin (Table 4; "CRX": cryptoxanthin; " ASX" : 
astaxanthin; "ADX": adonixanthin; "ZXN": zeaxanthin; "ECH": echinenone; 
"HEGH": 3-hydroxyechinenone; "CXN": canthaxanthin; "BCA": P-carotene; 
5 "ADR": adonirubin; Ntunbers indicate the % of the individual carotenoid of the 
total carotenoids produced in the cell.). 

Table 4 
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The restilts of E. coli transformants carrying pBIIKScrtEBIYZW (see example 7) are 
also shown in Table 4 to indicate the dramatic effect of the new genes crtWE396and 
15 crtZE396 on the carotenoids produced in these new transformants. 

Example 9 

Cloiiing o f the remaiimne crt genes of the Gram negative bacteritun E-396, 

TGI E. coli transformants carrying the pJAPCL544 plasmid did not produce 
detectable quantities of carotenoids (results not shown). Sequence analysis and 

20 comparison of the 3' {BamHl site) of the insert of plasmid pJAPCL544, to the erf 
cluster of Ftavobacterium R1534 showed that only part of the C-terminus of the 
crtE gene was present This result explained the lack of carotenoid production in 
the aforementioned transformants. To isolate the missing N-terminal part of the 
gene, genomic DNA of E-396 was digested by 6 restrictions enzymes in different 

25 combinations : EcoRI, BamHl, Pstl, Sad, Sphl and Xbal and transferred by the 
Southern blot technique to nitrocellulose. Hybridization of this membrane with 
the ^^P radio-labelled probe (a 463 bp Pstl-BamHl fragment originating from the 3' 
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end of the insert of pJAPCL544 (Fig. 29) highlighted a -1300 bp-long PsthPstl 
fragment. This fragment was isolated and cloned into the Pstl site of pBSIIKS(+) 
. , resulting in plasmid pBSIIKS-#1296. The sequence of the insert is shown in Fig. 38 
(SEQ ID NO: 35) (small cap letters refer to new sequence obtained. Capital letters 
5 show the sequence also present in the 3' of the insert of plasmid pJAPaL544). The 
complete crtE gene has tiierefore a length of 882 bp (see Fig. 39) and encodes a 
GGPP synthase of 294 amino adds (Fig. 40) (SEQ ID NO: 37), The crtE enzyme has 
38 % identity with the crtE amino acid sequence of Erwinia herhicola and 66 % with 
ROTO&flcfenMm R1534 WT. 

10 Construction ofplasmids. To have a plasmid carrying the complete erf cluster 

of E-396, the 4.7 kb MwI/BamHI fragment encoding tihe genes crtW, crtZ, crtY, crti 
andcrtB was isolated from pJAPCX544 and doned into the MwI/BomHI sites of 
pUC18-E396crtWZPC3l (see example 8). The new coiistruct was named 
pE396CARcrtW-B (Fig. 41) and lacked the N-terrninus of the crffi 

15 missing C-terminal part of the crtE gene was then introduced by ligation of the 
aforementioned Pstl fragment of pBIIKS-#1296 between the Psfl sites of 
pK96CARcrtW-B. llie restdting plasmid was 

The carotenoid distribution of the E, <x>li transformants carrying aforementioned 
plasmid were: adonixanthin (65%)/ astaxanHdn (8%) and zeaxanthin (3%). The % 
20 indicated reflects the proportion of the total amotuit of carotenoid produced in the 
celL 

Example 10 

Astaxanthin and adoiuxanthin prodttction in Tlavohacterium R1534 

Among bacteria Haz?o&aderix/m may represent the best sot^^ 
25 development of a fermentative production process for 3R, 3R' zeaxanthin. 

Derivatives of Flm)bacieriurh sp. strain R1534/ obtained by classical mutagenesis 
have attracted in the past two decades wide interest for the development of a large 
scale fermentative production of zieaxanthin^ although with little success. Qoiung 
of the carotenoid biosynthesis genes of this organism, as oudined in example 2, 
30 . may allow replacement of the classical mutagenesis approach by a more rational 
one, using molecular tools to amplify the copy nuxiiber of relevant genes, 
deregulate their expression and eliniinate bottlenecks in the CM^ 
biosynthesis pathway. Furthermore, the introduction of additional heterologous 
genes (e.g. crtW) will result in the production of carotenoids normally not 
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synthesised by this bacterium (astaxanthin, adonirabin, adonixaniiun, 
canthaxanthin, echinenone). The construction of such recombinant 
Flavobacterium R1534 strains producing astaxanthin and adonixanthiri v/iU be 
outlined below. 

5 Gene transfer into Flavobacterium sv. 

Plasmid transjer by amjugaUve mobilization. For the conjugational crosses 
we constmcted plasmid pRSFlOlO-Amp', a derivative of the small (8.9 kb) broad 
host range plasmid RSFlOlO (IncQ incompatibility group) [Guerry et al, J. 
Bacteriol. 117:619-630 (1974)] and used E. coli S17'-l as the mobilizing strain {Priefer 
10 et al., J. Bacteriol 163:324-330 (1985)]. In general any of the IncQ plasmids (e.g. 
RSFlOlO, R300B, R1162) may be mobilized into rif ampiciri resistant 
Flavobacterium if the transfer hmctions are provided by plasmids of the IncPl 
group (e.g..Rl,R751). . 

Rif ampicin resistant (Rif). FUwobacterium R1534 cells were' obtained by 
15 sdection on 100 mgrifampicin/nd. One resistant colony was picked and a St 
culture was made. The conjugation protocol was as follows: 

Dayl: 

- grow 3 ml culture of Ftoobacfmum R1534 Rif for 24 hours at 30 °C 
Flavobacter meditun (F-medixim) (see example 1) 

20 - grow 3 ml mobilizing E. coli strain carrying the mobilizable plasmid O/N at 37 
in LB medium, (e.g E. coli S17-1 carrying pRSFlOlO-Amp' or E. coli TG-1 cells 
carrying R751 and pRSFlOlO-Amp") 

Day2: 

- pellet 1 ml of the Flavobacterium R1534 Rif cells and resuspend in 1ml of fresh F- 
25 medium. 

- pellet 1 ml of E. coli cells (see above) and resuspend in 1 ml of LB medium. 

-donor and recipient cells are then mixed in a ratio of 1:1 and 1: 10 in an 
Eppendorf tube and 30 ml are then applied onto a nitrocellulose filter plated on 
agar plates containing F-medium and incubated O/N at 30°C 
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Day 3: 

- the conjugational mixtures were washed off wifli F-meditim and plated on F- 
medium containmg 100 mg rifampicin and 100 mg ampicillm/ml for selection of 
transconjugants and inhibitipn of the donor cells. 

5 Day6-8: . 

- Arising clones are plated once more on F-medium containing 100 mgRif and 100 mg 
Amp/ml before analysis. 

Plasmid transfer by electroporation. The protocol for the eletroporation is as 
follows: 

10 1. add 10 ml of O/N culture of Fhwobaderium sp. R1534 into 500 mlF-medium and 
incubate at SO'C unta OD600=0.8-0.1 

X harvest cells by centrifugation at 4000g at 4-C for 10 min. 

3. wash cells in equal volume of ice-cold deionized water (2 times) 

4. resuspend bacterial peUet in 1ml ice-cold deionized water 

15 5. takeSOmlof ceUs for electroporation with 0.1 mg of plasmid DN A 

6. electroporation was done using field strengths between 15 and 25 
kV/cmandl-3ms. 

7. after electroporation cdls were immediatdy diluted in 1 nil of F- 
medium and incubated for 2 hours at SO'^C at 180 rpm before plating on 

20 F-medium plates containing the respective selective antibioticum. , 

Plasmid constructions: Plasmid pRSFlOl-Amp' was obtained by cloning the 
Amp' gene of pBR322 between the EcoRI/Nofl sites of RSnOlO. The Amp' gene 
originates from pBR322 and was isolated by PGR using primers AmpRl (SEQ ID NO: 
65) and AmpR2 (SEQ ID NO: 66) as shown in Fig. 42. 

25 AmpRl (SEQ ID NO: 65): 

^^TATA TrnnrrnACTAGTAAGCTTC AAAAAGGATCTTCACCTAG-3^the 
underlined sequence contains the introduced restriction sites for Eagl, Spel and 
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Hm<flII to facilitate subsequent constructions. 
AmpR2{SEQIDNO:66): 

5'-ATA TGAATTCA ATAATATTGAAAAAGGAAG-3' the underlined sequence 
coixesponds to an introduced EcoBl restriction site to facilitate cloning into 
5 RSF1010(seeFig,42). 

The PGR reaction mix had 10 pM of each primer (AmpRl (SEQ ID NO: 
65)/ AmpR2 (SEQ ID NO: 66)), 0.5 mg plasmid pBR322 and 3.5 units of the 
TaqDNA/Pwo DNA polymerase mix . In total 35 amplification cycles were made 
with the profQe: 95 »C, 45 sec; 59 °C, 45 sec, 72 "C, 1 min. The PGR product of 

10 approx. 950 was extracted once with phenol/chloroform and precipitated with 0.3 
M NaAcetate and 2 vol. Etixanol. The pdlet was resuspended in H2O and digested 
with EooBI and Eagl O/N. The digestion was separated by electrophoresis and the 
fragment isolated from Hie 1% agarose gel and purified using GENECLEAN before 
ligation into tiie EcoRI and Notl sites of RSFIOIO. The resulting plasmid was named 

15 pFSF1010-Amp'(Fig.42). 

Plasnud RSF1010-AmprH3tl was obtained by isolating tiie Hmdin/NofI 
fragment of pBIIKS-crtEBIY[E396WZ] and cloning it between the Hindlll/Eagl sites 
of RSFIOIO-Amp' (Fig. 43). The resulting plasmid RSFlOlO-Ampr-crtl carries 
crtWE396f crtZEsgg, crtY genes and the N-terminus of the.crtl gene (non- 
20 functional). Plasmid RSF1010-Ampr-crt2 carrying a complete crt cluster composed 
of the genes crtWE396and crtZE396 of E-396 and the crtY, crfl, crtB and crtE of 
FUwOjacterium R1534 was obtained by isolating the large Hintffll/Xbfll fragment 
of pBnKS-crtEBIY[E396WZl and doning it into tiie Spd/Hmdlll sites of RSFIOIO- 
Amp'(Fig.43). 

25 FZ<nw6flcfmumR1534transformants carrying either plasmid RSFIOIO-Amp', 

Plasmid RSFlOlO-Amp'-crtl or Plasmid RSF1010-Amp'-crt2 were obtained by 
conjugation as outlined above using E. coK S17-1 as mobilizing strain. 

Comparisonof the carotenoid production of two Flavobacterium 
transjbrmants. Overnight cultures of the individual transformants were diluted 
30 into 20 ml fresh F-medium to have a final starting OD600 of 0.4. Cells were 
harvested after growing for 48 hovirs at 30 'C and carotenoid contents were 
analysed as outlined in example 7: Table 5 shows the result of the three control 
culhires Flavobacterium [R1534 WT], [R1534 WT RifR] (rifampicin resistant) and 
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[R1534WT Rifr RSFlOlO-AmpR] (carries the RSFIOIO-Amp' plasmid) and the two 
transformants [R1534 WT RSFlOlO-AmpR-crtl] and [R1534 WT RSFlOlO-AmpR- 
crt2]. Both latter transformants are able to synthesise astaxanthin and 
adonixanthin but Uttle zeaxanthin. Most interesting is the [R1534 WT RSFIOIO- 
5 AmpR<t\2] Flavobactmum transformant which produces approx. 4 times more 
carotenoids than the R1534 WT. This increase in total carotenoid production is 
most likely due to the increase of the number of carotenoid biosynthesis clusters 
present in these cdl (e.g. corresponds to the total copy number of plasmids in the 
cell), 



10 Tables 



Transformant 


carotenoids % of total dr 
Weight 


total carotenoid content 
in % of dry weight 


R1534VVT 


D.039%: b-Carotin 0,001% b 
Cryptoxanthin 0.018% 
Zeaxanthin 


- 0.06% 


R1534Rifr 


0.036% b-Carotin 0,002% b- 
Ciyptoxanthin 0.022% 


0.06% 


R1534 Rifr [RSFIOIO-Ampr] 


0.021% b-Carotin 0.002% b- 
Ciypfoxanthin 0.032% 
Zeaxaittfain 


0.065% 


R1534 Rifr [RSFlOlO-Ampr-qtl] 


0.022% Astaxanthin 0,075% 
Adonixanthin 0.004% 
Zeaxanthin 


0.1% 


R1534 Rifr IRSn010.Ampr-crt2] 

• • 

1 

- C 
/ 
/ 
2 


3.132% b-Carotin 0.006% 
Schinenon 0.004% 
iydroxyechinenon 0.003% b- 
Iryptoxanthin 0.044% 
^staxantiiin 0.039% 
^domxantfiin 0,007% 
-eaxanthin 


0.235% 



-58- 



